UNCLASSIFIED 
AD  NUMBER 


AD371658 

CLASSIEICATION  CHANGES 

TO: 

unclassified 

FROM: 

confidential 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release^  distribution 
unlimited 


FROM: 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative/Operational  Use;  APR  1966. 
Other  requests  shall  be  referred  to  Air 
Force  Rocket  Propulsion  Lab.^  AFSC, 
Edwards  AFB^  CA. 

AUTHORITY 

AFRPL  Itr,  7  May  1973;  AFRPL  Itr,  7  May 
1973 


THIS  PAGE  IS  UNCLASSIEIED 


SECURITY 

MARKING 


Tkg  classified  or  limited  statas  of  diis  lopoit  appliot 
to  sad)  papti  mIoss  otbmiso  Madcd. 

Soparalo  pace  priafoats  MUST  lo  nikod  accordiagly. 


THIS  OOCOMENT  CONTAINS  INFORMATION  AFFECTING  THE  NATIONAL  DEFENSE  OF 
THE  UNITED  STATES  WITHIN  THE  MEANING  OF  THE  ESPIONAGE  LAWS,  TITLE  18, 
U.S.C.,  SECTIONS  793  AND  794.  THE  TRANSMISSION  OR  THE  REVELATION  OF 
ITS  CONTENTS  IN  ANY  MANNER  TO  AN  UNAUTHORIZED  PERSON  IS  PROHIBITED  BY 
LAW. 


NOTICE:  When  goyemaent  or  other  drawings,  specifications  or  other 
data  are  used  for  any  purpose  other  than  In  onnection  with  a  defi¬ 
nitely  related  government  procurement  operation,  the  U.  S.  Government 
thereby  ir  's  no  responsibility,  nor  any  obligation  whatsoever;  and 
the  fact  t  the  Government  may  have  formulated,  furnished,  or  in  any 
way  supplied  the  said  drawings,  specifications,  or  other  data  is  not 
to  be  regarded  by  implication  or  otherwise  as  in  any  manner  licensing 
the  holder  or  any  other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any  patented  invention  that 
may  in  any  way  be  related  thereto. 


871658 


CONFIDENTIAL 


AFRPL-TR-66-82 


ADVANCED  ROCKET  ENGINE- STORABLE  (u) 
quarterly  technical  report  AFRPL‘TR-66-82 
January  through  March  1966 


Prepared  for 

AIR  FORCE  ROCKET  PROPULSION  LABORATORY 
RESEARCH  AND  TECHNOLOGY  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
UNITED  STATES  AIR  FORCE 
EDWARDS,  CALIFORNIA 


0947 

AGC  Report  10830-Q-3 


CONFIDENTIAL 


n 


CONFIIENTML 


AFRPL-TR-66-82 


April  1966 


ADVAICED  ROCKET  HfCIBE—STORABLE  (u) 


QUARTERLY  TECHMCAL  REPORT  AFRPL-TR-66-82 
January  through  March  1966 


Prepsured  by 

AEROJET-GERERAL  CORPORATION 
Advanced  Storable  Engine  Program  Division 
Liquid  Rocket  Operations 
Sacramento,  California 


f 


Prepsured  for 


AIR  FORCE  ROCKET  PROPULSION  LABORATORY 
Resesurch  and  Technology  Division 
Air  Force  Systems  Command 
United  States  Air  Force 
Edvards,  California 


AGC  Report  10830-0-3 


GROUP  4 

_ DOWNCRAOCD  *|  3  YEAR  IWTtRVALS;  DECLASSIFIED  AFTtR  IZ  YEARS _ 

*  THIS  OOCUMINT  CONTAINS  INfOUMATION  AFFtCTINO  NATIONAL  DCFENSt  Of  THt  UNITED  STATES 
WITHIN  THE  MEANING  Of  THE  ESflONAGE  lAWj,  HUE  I*.  USC,  SECTIONS  793  AND  794  ITS  TEANSMISSION 
OK  THE  REVtlA'IONOFITS  CONTENTS  IN  ANY  MANNBI  TO  AN  UNAUTHORIZED  PERSON  IS  PROHIRITEO  RY  UW  * 


2508T 


I 


CONFIDENTIAL 


CONFIDENTI/IL 

Report  IO830-Q-3 


FOREWORD 


This  is  the  third  written  pro^^ress  report  submitted  under  the  ARES  Pro«rain, 
Contract  AF  0i» ( 6II ) -10830 .  It  provides  a  summary  of  major  accomplishments  and 
discusses  the  technical  aspects  of  the  prof?ram.  The  period  covered  by  this  report 
is  1  January  I966  through  31  March  .1966.  The  program  structure  number  is  63i<0960l*; 
the  project  number  is  3058. 

This  program  is  under  the  direction  of  Mr.  R.  Eeichel,  Manager  of  the 
Advanced  Storable  Engine  Program  Division,  Liouid  Rocket  Operations,  Aerojet -General 
Corporation,  Sacrament j,  California. 

The  program  is  sponsored  by  the  Air  Force  Rocket  Propulsion  Laboratory, 
Research  and  Technology  Division,  Edwards  Air  Force  Base,  California,  under  the 
direction  of  C.  W.  Hawk/RPRZ,  Project  Officer. 

Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the 
report's  findings  or  conclusions.  It  is  published  only  for  the  exchsucfte  and 
stimulrtion  of  ideas. 
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UNCLASSIFIET  ABSTRACT 


The  objective  of  the  ARES  (Advanced  Rocket  Engine,  Storable)  program  is  to 
demonstrate  the  engineering  practicality  and  the  performance  cheuracteri sties  of  an 
advanced  storable  propellant  modular  e.  gine  embodying  high  chamber  pressure  and 
the  staged-coobustion  cycle. 

This  third  quarterly  report  describes  the  technical  accomplishments  of  the 
reporting  period.  Generally,  the  period  was  characterized  as  one  in  which  many 
analyses  and  designs  were  completed,  fabrication  of  many  components  was  completed 
and  testing  accelerated.  The  most  noteworthy  accomplishment  was  the  successful 
hot  firing  of  two  different  modular  injectors  using  the  intonsifier  test  system. 
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I. 

INTRODUCTION 


(u)  The  principal  objective  of  the  ARES  (Advanced  Rocket  Eni^ine-Storable) 
program  is  to  deaonstrate  the  enxineerinit  practicality  and  perfonnance  character¬ 
istics  of  a  hi^h-chanber-pressure  staired-coDbustion  eutine  module. 

(u)  The  modular  engine  is  a  highly  intei^rated  assably  in  which  the  turbopump 
assembly  housing  combines  the  fuel  and  oxidizer  pumps,  the  turbine,  the  eni^ine  con¬ 
trols,  and  the  primary  combustor  chamber  into  a  single  assembly.  Turbine  exhaust  is 
ducted  directly  into  the  secondary  combustion  chamber,  where  additional  fuel  is  added. 
The  resulting;  combustion  products  are  exhausted  throui^h  a  cooled  20:1  area  ratio  nozzle. 
Thrust  from  the  rocket  nczzle  is  transmitted  throuAh  the  turbopumn  assembly  housini^ 
to  the  vehicle  frame. 

(c)  The  eni^ine  is  desic^ned  to  produce  100,000  lb  of  thrust  at  sea  level  and 
operates  at  a  secondary  combustion  chamber  pressure  of  2800  psia  usini; 

AeroZINE  50  as  propellants.  The  engine  nodule  is  desicmed  to  allow  ready  employment 
of  the  module  sin/^le,  in  parallel  axis  clusters,  or  in  forced -deflect ion  nozzle  or 
plus  nozzle  propulsion  systems. 

(c)  The  modular  eni^ine  uses  a  staged  combustion  cycle  in  which  all  the  oxidizer 
and  19?  of  the  fuel  are  injected  into  the  primary  combustor  at  ^*775  psia  to  produce 
a  turbine  working  fluid  at  approximately  12l»0°F.  This  fluid  passes  through  the 
turbine,  tdiich  operates  at  a  pressure  ratio  of  approximately  1.5,  and  exhausts  at 
2800  psia  into  the  secondary  combustor,  where  the  additional  fuel  required  to  achieve 
a  mixture  ratio  of  2.1  lb  ox/lb  fuel  is  added.  The  resultant  ccjmbustion  products 
exhaust  through  the  nozzle  producine  thrust. 

(u)  Engine  control  is  achieved  through  the  use  of  eyelid  valves  (located  at 
pump  suction)  wherein  the  segment  of  a  ball  is  rotated  out  of  the  flow  stream  and 
admits  propellant  to  the  engine.  For  the  development  engine,  auxiliary  fuel  control 
valves  are  installed  to  govern  fuel  admittance  to  the  primary  and  secondary  com¬ 
bustion  chambers  during  transient  and  steady-state  operation.  All  valves  are 
powered  independently  to  achieve  the  flexibility  desired  during  the  program. 

(c)  The  secondauy  combustor  uses  a  flameholder  injector  consisting  of  a 
series  of  radial  vanes  from  which  fuel  is  injected  into  the  cxidizer-rich  turbine 
exhaust  stream.  The  resulting  mixture  burns  in  the  thrust  chamber  amd  is  exhausted 
through  the  nozzle.  Two  cooling  systems  are  under  consideration  for  the  modular 
engine.  These  employ  regenerative  and  transpiration  cooling.  The  regeneratively 
cooled  design  emplojs  a  two-pass  system  made  up  of  oval  tubes.  The  transpiration 
cooled  system  uses  a  considerable  number  of  thin  wafers  that  80*6  chemically  milled 
to  produce  the  desired  pressure-drop  pattern  required  to  control  the  coolant  flow. 
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I,  Introduction  (cont.) 


(u)  Phase  I  of  the  tvo-phase  pro^rao  is  devoted  principally  to  the  develop¬ 
ment  of  individual  ccnponents  such  as  cooled  combustion  chambers,  injectors,  turbo¬ 
pump  housings,  bearings  and  seals,  suction  valves,  and  engine  fuel  controls.  The 
Phase  II  program  is  devoted  to  performance  improvement  of  the  thrust-chamber  com¬ 
ponents,  developDent  of  the  tiirbopump  system,  and  the  integration  of  turbopump,  thrust 
chamber,  and  controls  into  an  engine  module. 

(u)  This  report,  covering  activity  during  the  third  quarter  of  the  program, 
is  organized  into  four  groups  of  sections.  The  first  group.  Section  III  through  V, 
covers  the  combustion  system  development  effort.  Sections  VI  through  XI  cover  the 
turbopump  design  and  development  tasks .  Controls  are  repotted  in  Sections  XII 
through  XIV.  The  remaining  sections,  XV  through  XX,  cover  the  activity  associated 
with  the  propulsion  system  as  well  as  a  series  of  related  analytical  activities. 
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II. 


SUMMARY 


The  third  quarter  of  the  program  resulted  in  completion  of  a  lar<?e  body  of 
critical  analyses  and  designs,  ordering  of  esser  ially  all  of  the  remaining  material 
needed  for  Phase  I  of  the  program,  and  initiation  of  testing  on  ARES  configuration 
hardware  in  many  key  areas.  Several  time-consuming  fabrication  problems  were 
encountered  and  solved.  These  included  development  of  fabrication  technique  for 
Inconel  718,  and  aevelopment  of  proper  heat-treating  methods  for  large  complex  castings. 
Problems  were  encountered  in  activation  of  new  test  facilities  and  auxiliary  test 
equipment.  Considerable  effort  was  devoted  to  expediting  subcontractors  for  delivery 
of  critically  needed  components. 

In  the  TCA  ai*ea,  conversion  of  Test  Stand  H-2  to  intensifier-fed  operation 
was  completed.  This  was  followed  by  an  extensive  checkout  program  with  both  water 
and  propellants.  Finedly,  four  valid  tests  were  achieved  on  two  secondary  injectors 
of  the  new  ARES  configuration.  Engine  operation  was  smooth  and  stable.  It  was 
demonstrated  that  sector-engine  operation  with  the  intensifiers  will  permit  a  much 
higher  test  frequency  than  has  been  possible  in  the  past. 

All  of  the  technical  problems  which  have  caused  delays  in  fab/' cation  of  the 
cooled  combustion  chambers  were  resolved,  and  maximum  feasible  expediting  action 
waa  taken  to  speed  up  lagging  production  at  tube  and  transpiration-wafer  vendors. 

It  now  appears  that  the  first  transpiration-cooled  chamber  should  be  available  for 
testing  in  May  and  that  the  first  regeneratively  cooled  chamber  should  be  available 
in  early  June. 

The  primary  combustor  program  experienced  a  significant  delay  from  a 
non-repairable  crack  which  developed  in  the  first  workhorse  primary  combustor 
housing.  Revised  weld  and  heat-treat  procedures  were  successfully  developed  for 
the  second  housing,  which  was  two  weeks  behind  the  housing  that  cracked. 

Three  valid  40,000-rpm  besu'ing  tests  in  Np®!*  revealed  that  this  task  should 
be  successfully  finished  as  soon  as  initial  problems  with  test-stand  auxiliary 
hardware  are  resolved.  Testing  was  also  initiated  in  the  combustion-seal  smd 
wear-ring  programs;  however,  startup  proolems  were  encountered  with  auxiliary  hard¬ 
ware  in  both  of  these  tasks.  The  first  advanced  housing  (the  plug -welded  A-design) 
was  received  at  Sacramento  and  was  being  instrumented  at  th.-:  end  of  the  reporting 
period. 


The  detailed  de  -ign  of  the  three-walled  housing  of  the  B-conf iguration  for 
the  advauiced  TPA  is  10%  complete.  Meuiy  design  improvements  were  effected  on  both 
the  advanced  and  the  inline  TPAs. 

Testing  was  initiated  on  the  turbine  inlet  flow  models  at  the  Naval  Post 
Graduate  School  in  Monterey  and  on  the  aerodynamic  nozzle  models  at  FluiDyne  in 
Minneapolis. 

All  analytical  euid  testing  efforts  to  date  continue  to  validate  the  feasi¬ 
bility  of  the  ARES  advanced  engine  concept. 
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III. 

PRIMARY  COMBUSTOR  ASSEMBLY.  DESIGII  AID  PABRICATIOH 


A.  GEHERAL 

Design  activity  continued  at  a  reduced  level  of  effort  because  numerous 
design  tasks  were  already  completed.  Fabrication  of  all  components  continued  and 
many  were  completed.  A  stress  analysis  was  completed  for  all  injectors  fabricated 
and  a  nev  analysis  vas  initiated  on  an  advanced  injector  design.  Gas-flov  distribu¬ 
tion  '•'anes  and  primary  combustor-turbulater  designs  were  initiated  and  have  proceeded 
into  the  layout  stage.  A  major  fabrication  problem  was  encountered  irtien  severe  cracks 
developed  in  the  primary-combustor  workhorse  housing,  SH-1.  The  outer  workhorse 
housing  will  probably  have  to  be  scrapped.  A  five-we»fk  delay  in  the  program  schedule 
as  well  as  additional  costs  were  incurred.  Fabrication  of  the  second  primary  combustor 
workhorse  housing,  SR-2,  was  therefore  immediately  ac;celerated,  and  welding  and  heat- 
treating  procedures  were  revised  to  eliminate  any  ixsssibility  of  cracking.  Housing 
SH-2  will  probably  be  delivered  to  the  test  ares  (Test  Stand  H-3)  in  mid-April,  I966; 
the  first  test  firing  is  currently  scheduled  for  28  April  1966. 

B.  INJECTORS 

Fabrication  continued  on  all  three  primary  injectors.  The  oxidizer 
full-flow  injector  and  the  quadlet  injector  were  completed;  the  pentad  injector, 

^ich  is  90%  complete,  will  be  ready  early  in  April.  The  quadlet  injector  assembly 
and  the  oxidizer  full-flow  injector  assembly  are  shown  in  Figures  III-l  and  -2, 
respectively. 

A  fined  report  covering  the  stress  emalysls  of  all  three  types  of 
injectors  was  completed.  Since  the  two  porous-face  injectors  (oxidizer  full-flow 
and  quadlet)  aure  structurally  similar,  only  two,  the  pentad  euid  the  oxidizer  full- 
flow  injector,  were  actually  analyzed.  Calculations  show  that  neither  configuration 
yields  when  subjected  to  the  maximum  operating  pressure  in  the  absence  of  thermally 
induced  stresses.  Also,  proof-test  conditions  at  ambient  temperature  are  not 
critical  because  the  properties  of  Inconel  718,  from  which  edl  primary  injectors 
eure  made,  are  significantly  higher  at  ambient  temperatures  than  at  injector  operating 
temperatures.  Calculations  show  that  the  injectors  do  yield  when  subjected  to  the 
cembined  effect  of  pressurization  and  thermally  induced  stress;  however,  maximum 
displacement  and  permanent  set  are  not  excessive  and  are  not  expected  to  adversely 
affect  the  function  or  performance  of  the  injectors. 

A  turbopump  housing  design  layout  with  a  modified  injector  body  is  being 
prepared.  The  backside  of  the  injector  body  and  the  forward  hub  are  modified  to 
accommodate  a  retaining  ring  and  a  new  turbine  nozzle,  respectively.  This  new 
injector  configuration,  which  is  compatible  with  the  Mod-B  turbopump  housing,  is 
currently  being  stress-analyzed. 
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III,  Primary  Combustor  Assembly,  Design  and  Fabrication  (cont.) 


C.  WORKHORSE  PRIMA.  Y  CCWBUSTOR  HOUSING  (WPCH) 

Fabrication  of  WPCH  SN-1  continued  on  an  accelerated  basis  (three  shifts 
per  day,  six  days  per  week)  to  permit  initiation  of  the  primary  combustor  test 
program  at  the  earliest  possible  date.  All  work  proceeded  satisfactorily  until  a 
severe  crack  developed  in  the  outer  forged  housing  of  the  WPCH.  The  crack  (Figure 
III-3)  occurred,  after  all  welding  at  Aerojet-General  Imd  been  completed,  during 
shipment  of  the  WPCH  to  an  outside  vendor  for  solution  heat-trecting  and  hardening. 

A  thorough  investigation  was  initiated  ionediately  to  determine  the  cause  of  the 
cracking,  to  decide  whether  the  cracked  housing  could  be  salvaged,  and  to  institute 
corrective  action.  (WPCH  SN-2  was  about  two  weeks  fabrication  time  behind  WPCH 
SN-1 . ) 


All  fabrication  procedures  and  processes  in  effect  until  the  time  of 
failure  were  reviewed  by  metallurgical,  fabrication,  welding,  and  design  personnel. 

It  was  determined  that  the  failure  was  most  probably  the  results  of  a  combination 
of  two  factors:  (l)  the  low  impact  resistance  of  the  17-1*PH  outer  lousing  (the 
housing  was  received,  fabricated,  machined,  and  welded  in  the  solution  heat-treated 
condition,  i.e.,  at  1900®F  followed  by  air  cooling  to  90°F),  and  (2)  the  very  high 
stresses  induced  by  weld  shrinkage  incxirred  when  the  oxidizer-coolant  tum-around 
manifold  was  welded  to  the  outer  housing.  Since  the  inner  housing  had  already  been 
installed  into  the  outer  housing,  shrinkage  of  the  outer  housing  during  manifold 
welding  may  have  been  prevented,  and  the  resulting  extranely  high  stresses  may  have 
initiated  the  cracking. 

To  prevent  a  reccurrence  of  this  problem  during  fabrication  of  WPCH  SN-2, 
the  following  corrective  action  was  implemented;  (l)  the  inner  and  outer  WPCH  were 
hardened  to  Condition  H-llOO  (temperature  soak  at  1100®F  for  four  hours,  followed 
by  air  cooling  to  90*’F)  prior  to  proceeding  with  further  fabrication,  (2)  all  welding 
was  performed  on  preheated  material  (350  to  1*00®F  preheat ) ,  (3)  the  oxidizer  turn¬ 
around  manifold  and  the  oxidizer  torus  closure  ring  were  welded  to  the  outer  housing 
prior  to  installation  of  the  inner  housing,  (U)  all  critical  welds  were  peened  after 
welding  on  the  outer  housing  followed  by  a  1100®F  temperature  soak  for  four  hours, 
and  (5)  after  installation  of  the  inner  housing  into  the  outer  housing,  a  plsuined 
welding  sequence  was  adhered  to,  followed  by  critical -weld  peening,  and  by  additional 
temperature  soak  at  1100°F  for  four  hours. 

All  above  steps  have  been  implemented  as  of  the  close  of  this  reporting 
period  and  no  further  problems  have  occurred. 

After  detailed  visusd  examination  euid  ultrasonic  inspection  of  the 
cracked  outer  housing  it  was  decided  that  repair  was  not  advisable  (l)  because 
satisfactory  accomplishment  could  be  established  only  after  expenditure  of 
considerable  time  and  money,  and  (2)  because  it  was  considered  too  risky  to  begin 
an  extensive  new  test  program  using  workhorse  hardware  of  questionable  structural 
integrity  even  if  the  repair  was  satisfactory.  Therefore,  it  was  decided  to  remove 
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III,  C,  Workhorse  Primary  Ccnbustor  Housing  (WPCH)  (cont.) 


the  inner  housing;  the  outer  housing  vill  probably  have  to  be  scrapped.  The  inner 
housing  is  salvageable  and  vill  be  used  on  a  third  WPCH.  A  nev  outer  housing  was 
ordered  and  is  expected  to  be  delivered  early  in  May  1966. 

D.  OTHEB  PRIMARY  COMBUSTOR  COMPOlfEHTS 

The  bumoff  chamber,  the  support  frame,  and  the  bumoff  injector  were 
fabricaxed.  Flow  tests  on  the  bumoff  injector  were  completed,  and  flow  coefficients 
were  obtained  and  recorded. 

Fabrication  of  the  oxidizer  inlet  line,  fuel  inlet  line,  and  flow  nozzle 
(Figures  III-l*  and  -5)  v  completed. 

Three  combustion-chamber  liner  assemblies  were  received  from  the  supplier 
(see  Figure  III-6).  An  analytical  study  to  determine  pressurization  and  venting 
capabilities  of  the  liner  was  completed  and  shoved  that  adequate  ventilation  was 
provided  through  the  spring  tab  slits  and  through  the  holes  in  the  liner.  It  was 
determined  that  the  thirty-two  l/U-in.-dia  holes  for  gas  ventilation  can  be  eliminated. 
The  elimination  of  these  holes  voxild  probably  reduce  the  heat  flux  to  the  housing  wall 
by  reducing  fie  gas  velocity  and  the  amoxint  of  gas  flow  behind  the  liner. 

E.  ADDITIONAL  DESIGN  ACTIVITY 

The  design  of  a  primairy  ccanbustor  turbulator  was  begun  late  in  this 
reporting  period.  The  turbulator  will  assist  in  mixing  the  fuel  and  oxidizer 
propellants,  thus  permitting  a  homogenous  gas  to  enter  the  turbine.  Uniform  mixing 
of  the  propellants  wil  also  prevent  high  temperatures,  thereby  eliminating  the 
possibility  for  erosion  on  the  combustion-chamber  walls.  The  turbulence  device,  shown 
in  Figxare  III-7,  consists  of  external  and  internal  tabs  when  viewed  axially.  A  row 
of  turbulators  is  located  on  the  inside  diameter  of  the  chamber  af  close  to  the 
injector  face  as  possible,  and  the  second  row  is  located  on  the  chamber  outer  diameter 
1  in.  downstream  of  the  first  turbulator  row  and  alternately  spaced  with  the  tabs 
of  the  first  row.  Each  turbulator  ring  is  composed  of  0.060-in. -thick  Hastelloy  X 
tabs  inclined  at  an  argle  of  60®  to  the  direction  of  gas  flow.  Each  turbulator  extends 
to  the  center  of  the  gas  stream.  This  design  will  cause  turbulence  at  the  tip  and  at 
the  sides  of  each  turbulator  tab.  Drawings  will  be  released  and  fabrication  will  be 
initiated  early  in  April.  Material  has  already  been  ordered. 

A  flow-diversion  vane  design  was  initiated  late  in  this  reporting  period; 
these  vanes  will  distribute  the  primary-combustor  exhaust  gas  uniformly  over  the 
entrance  of  the  secondary  injector.  The  mixture-ratio  distribution  between  the  fuel 
and  the  oxidizer-rich  gas  will  be  uniform  when  proper  vanes  are  designed  and  adjusted. 
The  vanes  begin  at  the  oblong  opening  of  the  cast  WPCH  insert  and  stop  at  the  8.50-in. 
diameter  of  the  housing.  Five  vanes  extend  between  the  two  areas  smd  divide  each 
area  into  six  equal  peu'ts.  It  is  assumed  that  the  gas  across  the  entremce  areas  of 
the  vanes  is  uniform  in  pressure,  velocity,  and  density.  A  second  assumption  is  that 
the  gas  would  not  uniformly  enter  the  secondary  injector  without  the  vanes.  Fabrication 
■f  these  vanes  should  be  completed  by  1  July  1966. 
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III,  £,  Additional  Design  Activity  (cent.) 


The  design  of  inserts,  plugs,  and  closures  permitting  the  test  firing  of 
a  nrlmary  injector  in  a  Mod-A  TPA  housing  has  been  delayed  pending  the  decision 
whether  to  use-  the  Mod-A  or  .-lod-B  TPA  housing  for  this  testing.  This  decision  is 
expected  to  be  made  in  April  196(1. 
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Figure  III-2 


Full-Flow  Injector  Assembly 
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Figure  HI-4 
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Figure  III-5 


Flow  Nozzle,  Primary  Combustor  Exit 
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Figure  III-6 


Combustion  Chamber  Liner 
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Turbulence  Device,  Primary  Combustor 


Report  IO83O-Q-3 


IV. 


secohdary  combustor  assembly,  design  and  fabrication 


A.  GENERAL 

All  conponent  designs  for  the  secondary  conbustor  assenbly  were  completed 
and  released  for  fabrication.  Design  activity  is  currently  limited  to  the  redesign 
of  details  idiere  necesstury. 

The  first  modular  uncooled  thrust-chamber  assembly  was  completed  and 
Installed  on  Test  Stand  H-2.  Fabrication  of  additional  combustor  components  is 
continuing  at  a  high  level  of  effort. 

Two  separate  task  forces  were  created  to  accelerate  the  fabrication  of 
the  regeneratlvely  cooled  and  the  transpiration-cooled  combustion  chambers. 

B.  UNCOOLED  COMBUSTION-CHAMBER  COMPONENTS 

1.  Injectors 

a.  Mark  123 

The  first  modular  Mark  125  injector,  SN-1,  was  fabricated, 
successfully  hydrotested,  and  test  fired  (see  Section  V). 

Fabrication  of  the  second  modular  Mark  125  injector,  SN-2,  is 
73%  complete.  The  injector  will  be  available  for  testing  by  mid-April.  Injector 
SN-3  is  approximately  50^  complete. 

b.  Fuel  Swirl -Redce  Vane 

The  first  fuel  swirl-rake  vane  injector,  SN-1,  was  received, 
hydrotested  to  determine  its  flow  characteristics,  euid  subsequently  test  fired. 

Receipt  of  the  second  injector,  SN-2,  is  scheduled  for  10  April  1966. 

2.  Ablative-Lined  Combustion  Chamber 

Design  drawings  for  ablatlvely  lined  combustion  chambers  with 
characteristic  chamber  lengths  (L*)  of  30,  UO,  and  50  in,,  were  revised  to  include 
all  the  drawing-change  notices  (DCNs)  necessitated  by  fabrication,  quality-control, 
and  instrumentation  changes. 

Four  ablatlvely  lined  combustion  chambers  are  being  fabricated.  The 
first  chamber  with  a  characteristic  length  of  50  in.,  has  been  completed,  proof-tested 
assembled  with  the  first  modular  Mark  125  injector,  installed  on  Test  Stand  H-2,  and 
recently  test  fired. 
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IV,  B,  Uncooled  Combustlon-Chaaber  Components  (cont.) 


The  second  ablatively  lined  combustion  chamber  (L*  3  30  in.)  was 
also  completed.  The  third  and  the  fourth  chamber  (L*  =  Uo  in.)  will  be  fabricated 
early  in  April.  One  of  these  tvo  chambers  will  be  instrumented  and  will  incorporate 
a  steel  expansion  liner.  The  other  will  be  lined  completely  with  ablative  materials 
end  will  be  instrumented  as  follovs:  with  one  Taber  pressure  transducer  with  a 
maxiffiUB  recording  range  of  3300  psii;;  vith  eight  O.OUO-  and  three  l/8-in.-dia 
ChroBiel-altanel  themocouples ;  and  vith  seven  3/8-in. -dia  thermocouples,  tvo  having 
tungsten-txmgsten  rhodiun  and  five  having  platinum-platinum  rhodiian  Junctions. 
Themocouple  locations  are  specified  on  Aerojet-General  Dvg.  1121982. 

The  majority  of  all  ordered  ablative  materials,  together  vith 
inspection  records  and  X-ray  photographs,  vas  received.  The  remainder  is  scheduled 
to  be  delivered  in  mid-April.  The  hoxisings,  bolts,  and  seals  (vith  the  exception 
of  the  backup-up  Omni-seals)  sure  also  on  hand. 

3.  Tvo-Dimens i onal  Nozzle 

Drawings  for  the  tvo-dimensional  nozzle  vere  completed  and  have  been 
released  for  fabrication.  Tvo  recent  design  chEuiges,  discussed  belov,  have  been 
incorporated  to  simplify  their  construction. 

Theoretically,  the  internal  expansion  section  is  generated  on  a 
conical  surface  to  match  vith  the  contour  of  a  forced-deflection  nozzle.  Each  base 
cone,  nozzle,  and  internal  expansion  section  contour  is  part  of  a  specific  propulsion 
system,  (In  the  ARES  proposal,  20  modules  vere  clustered  vithin  a  forced-deflection 
nozzle . ) 


The  first  change  vas  recommended  to  simplify  the  basic  design:  a 
tilted  cylinder  vas  substituted  for  the  base  cone.  A  maximum  deviation  of  0.03  in. 
from  the  theoreticeLL  contour  resiilted  from  this  charge,  which  is  considered 
insignificant. 


The  second  change  involves  the  substitution  of  a  plane  for  the 
cylinder.  Deviation  from  the  basic  contour  is  0.65  in.  at  the  end  of  the  nozzle  auid 
is  0.15  in.  at  a  point  U.76  in.  downstream  of  the  throat.  Figure  IV-1  shows  the  new 
contovir  of  the  two-dimensional  nozzle. 

The  resultant  flat  contour  will  provide  adequate  heat-transfer 
information  on  the  distribution  of  the  film  coolant  and  will  greatly  simplify  the 
construction  of  the  ablatively  lined  two-dimensional  nozzle. 

Quotes  for  fabrication  of  the  nozzle  are  currently  being  solicited. 
A  firm  purchase  order  for  a  chamber  is  expected  to  be  placed  in  late  April  1966 
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U.  Adapter 

Fabrication  of  both  adapters  was  conpleted.  Adapter  SN>1  was 
hydrotested,  installed  on  Test  Stand  H-2,  and  recently  test  fired.  Adapter  SR-2 
is  ciirrently  being  hydrotested. 

C.  COOLED  COMBUSTION  CHAMBERS 

1.  Residual  ICP  Cooled-Comoastion  Chambers 

The  fabrication  effort  on  regeneratively  cooled  Combustion  Chamber 
SN  R-6  was  completed  early  in  this  reporting  period.  Chamber  SH  R-6  incorporates 
film  cooling  that  is  Introduced  through  multiple  holes  on  the  crown  of  each  of  the 
coolent  tubes.  The  film-coolant  injection  holes,  made  by  electron-beam  "drilling," 
were  positioned  to  distribute  the  coolant  over  one  half  of  the  convergent  section 
and  over  the  throat  section  of  the  chamber. 

Chamber  SN  R-6  was  initially  scheduled  to  be  fired  after  the 
successful  test  of  Chamber  SN  R-5;  however,  this  firing  has  been  postponed  to  permit 
the  conversion  of  the  test  stand  for  use  of  the  intensifier  system,  to  check  out 
the  new  system,  and  to  commence  testing  of  the  modular  secondary  combustor  at  the 
earliest  possible  time. 

Chamber  SN  R-6  was  sent  to  the  storage  area  and  will  be  available 
for  use,  if  required. 

2.  ARES  Regeneratively  Cooled  Combustion  Chambers 

Extensive  engineering,  procurement,  and  fabrication  effort  was 
expended  on  the  modular  regeneratively  cooled  combustion  chamber.  A  special  task 
force  was  established  to  expedite  ccanpletion  of  design,  procurement,  and  fabrication 
activities  on  this  criticed  component. 

Initially,  the  task  force  concentrated  on  resolving  a  potentially 
serious  problem  concerning  the  Inconel  718  chamber-coolcuit  tubes.  This  tubing 
was  found  to  be  of  substandard  quality.  All  tubing  contained  surface  discontinuities, 
visible  to  the  naked  eye,  which  were  suspected  to  be  detrimental  to  the  mechanical 
properties  of  the  tubes.  The  flaws  were  circumferentiad  depressions  on  the  outside 
diameter  of  the  tubes  (Figures  IV-2  through  -5)  and  were  present  in  vaiying 
degrees  on  all  tubes.  A  very  detailed  metallurgical  analysis,  performea  on  random 
and  on  worst  samples  of  tubing,  established  that  all  properties  met  the  requirements 
to  which  the  tubes  had  been  procured.  The  surface  depressions  were  found  to  have 
a  depth  of  less  than  0.001  in.  Further,  when  typical  depressions  were  sectioned, 
mounted,  and  examined  at  miagnlflcations  from  50  to  250  X  the  depressions  were 
Judged  not  to  be  cracks  because  their  root  radii  were  large.  These  surface  flaws 
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were  probably  introduced  during  a  grinding  operation.  Based  on  the  results  of  the 
metallurgical  examinations,  it  was  decided  that  forming  operations  on  part  of  the 
tubing  should  be  continued.  The  tubing  was  sorted  into  two  groups:  the  best 
tubes  were  released  for  fabrication,  and  those  with  more  numerotis  defects  were 
rejected  and  returned  to  the  supplier  for  rework. 

lanediately  at  the  beginning  of  forming  operations  the  tubes  were 
found  to  crack.  This  cracking  was  not  caused  by  a  propagation  of  the  circumferential 
flaws,  as  might  be  expected,  but  from  excessive  cold  working  of  the  tubing.  The 
vendor  bad  been  restricted  to  an  anneal  temperature  of  iSOO^^P.  This  low  anneal 
temperature  is  desirable  because  it  permits  imiform  elongation  properties  of  the 
Inconel  718  tubing  in  the  operating  range  of  1200  to  1U00®F.  If  annealing  temperatures 
exceed  this  1800®F  limit,  ths  elongation  properties  at  elevated  temperatures  are 
noticeably  reduced,  althougn  still  well  within  design  requirements.  After  extensive 
attempts  at  fabricating  formed  tubes  by  repeating  the  annealing  cycle  and  by  forming 
them  in  multiple  tapers,  it  was  decided  to  increase  the  anneal  temperature  to 
1925  +  25®F.  This  higher  temperature  yields  a  softer  material,  which  can  be  cold- 
worked  to  a  much  greater  degree  %rithout  crackling,  and  reduces  the  scrap  rats 
considerably.  About  1»0>J  of  the  material  annealed  to  l800°F  had  to  be  scrapped  after 
the  tapering  operation. 

Tube  tapering,  contouring,  flattening,  end  swaging,  penetrant 
inspection,  and  plating  have  been  completed  for  two  sets  of  tube  bundles.  These 
tubes  will  be  induction-brazed  and  electron-beam-welded  at  two  outside  facilities 
early  in  April.  The  first  set  of  tubes  is  currently  scheduled  to  arrive  at  Sacramento 
on  15  April  1966,  and  the  second  set  about  one  week  later. 

Tubes  for  the  third  chamber  have  been  returned  to  the  forming  vendor  ' 
after  having  been  reworked  at  the  mill.  This  set  of  tubes  should  be  available  in 
late  May.  ^e  to  the  large  scrap  ra^  '  encountered  in  fabricating  the  first  two  sets 
of  tubes,  tubes  raw  stock  for  the  fourth  chamber  has  been  expended.  Tube  raw  stock 
for  Chambers  SN  through  10  was  therefore  ordered  and  is  expected  to  be  received 
on  20  May  1966. 


All  Inconel  718  tubing  specification  (AGO  l*lt20U)  was  issued  and  then 
revised  (AGO  4U20UA)  to  ensxire  that  tubing  of  high  quality  emd  practical  fabricability 
is  obtained.  Engineering,  metallurgical,  uality-control ,  and  purchasing  personnel 
at  both  Aerojet-General  and  the  mill  were  actively  involved  with  specification 
modifications,  negotiations,  and  finad  placement  of  the  purchase  order.  In  addition, 
Aerojet-General  top  management  has  personally  intervened  to  obtain  and  expedite 
delivery. 

'1 

The  task  force  also  concentrated  on  completing  the  test  hardware 
designs,  the  fabrication  and  hydrotest  tooling  designs,  and  the  thermsd -barrier 
coating  tooling  designs. 
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All  design  on  the  non-capillary  tube  combustion  chamber  was 
completed,  and  all  drawings  have  been  released.  A  drawing  change  is  being  prepared 
to  add  capillary  tubes  to  the  chamber.  These  0.005-in. -thick  capillary  tubes  will 
hare  an  OD  of  0.055  in.  A  chamber  with  a  characteristic  length  (L*)  of  1*0  in.  was 
selected  for  fabrication.  This  chamber  length  offers  the  best  combination  of  high 
performance  (low  film-coolant  requirement),  reasonable  combustion-chamber  volume, 
and  minifflxim  chamber  weight.  A  complete  discussion  of  factors  relating  to  the 
selection  of  the  characteristic  length  (L*)  is  given  in  Section  XIX. 

All  design  work  on  combustion-chamber  tooling  was  completed.  Chamber 
lay-up  mandrels,  leak-check  fixture,  proof -test  fixtures,  and  flow  fixtures  were 
completed  and  released.  Fabrication  of  all  tooling  is  in  process  and  is  expected  to 
be  completed  by  15  April  .■'966. 

All  tooling  required  to  apply  a  thermal-barrier  coating  to  the 
regeneratively  cooled  chamber  was  designed.  Fabrication  of  the  new  tooling  and 
modifications  to  the  coating  machine  ore  in  process.  All  thermal -barrier  coating 
^ooling  should  be  completed  and  checked  out  before  mid-May  1966. 

The  stress  analysis  of  the  chamber  was  completed.  A  final  report 
is  expected  to  be  available  early  in  April. 

Arrangements  have  been  made  to  fabricate  the  metal  chamber  parts 
(except  tubes)  and  to  as'imble  and  braze  the  chamber  in  Aerojet-Ceneral's  Sacramento 
plant.  Most  of  the  chamber  components  are  ctxrrently  being  fabrics,  'd,  with  the 
balance  to  enter  fabrication  in  early  April  1966.  The  chamber-brazing  procedure 
was  reviewed  by  engineering,  quality-control,  and  manufacturing  personnel;  a 
satisfactory  procedure  was  agreed  upon  and  is  being  incorporated  on  the  drawings. 

I'*  is  currently  estimated  that  the  first  regeneratively  cooled  ccmibustion  chamber 
will  be  available  for  testing  about  15  Jxine  1966,  the  second  chamber  about  two 
weeks  later.  The  third  chamber  is  scheduled  for  completion  about  1  August  I966. 
Additional  chambers  should  be  available  in  early  September  1966. 

3.  Transpiration-Cooled  <^ombustion  Chamber 

Since  the  transpiration-cooled  chamber  is  of  equal  importance 
as  the  regeneratively  cooled  chamber  for  meeting  Phase-I  objectives,  special 
emphasis  was  placed  on  the  timely  completion  of  all  tsisks  related  to  the  successful 
completion  of  this  chamber.  A  separate  task  force  was  assigned  to  resolve  all 
problems  and  dif^ictilties  encoxintered  in  chamber  design,  fabrication,  and  assembly, 
and  to  support  experimental  and  laboratory  programs. 

Procurement  of  individual  washers  from  subcontractors  (photo 
etchers)  was  the  principal  factor  delaying  the  early  completion  of  tnis  chamber. 

Both  subcontractors  (suppliers  of  the  flow-control  and  flow-diffusion  washers) 
have  only  limited  facilities  and  personnel.  However,  extensive  coordination  has 
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yielded  the  best  possible  delivery  dates.  The  fabrication  of  many  special  tools 
for  handling;  and  assembling  the  vashers  vas  completed.  Several  unique  tools  were 
designed  and  fabricated,  and  are  ncv  being  checked  out  to  permit  accurate  and 
rapid  unitization  of  the  vashers. 

Significant  progress  was  made  in  fabrication  experiments  and 
hydraulic  investigations.  Numerous  compartment-unitizing  techniques  were  investigated 
and  the  most  premising  incorporated.  Experiments  to  ID-contour  the  compartments  were 
conducted  successfully.  In  addition,  all  hydraulic  investigations  of  subscale 
vashers  were  completed,  including  surface-finish  e.raminations ,  leakage  tests,  and 
flow  tests.  Pull-scale  washer  flow  tests  will  be  performed  during  the  next  reporting 
period.  The  results  of  all  hydraulic,  investigations  will  be  reported  in  the  next 
quarterly  report. 

k.  Washer  Assemblies 

The  0.001-in. -thick  flow-control  washers  and  the  0.010-  or  0. 020-in. - 
thick  flow-diffusion  washers  described  and  shown  in  Report  10830-Q-2  can  be  oriented 
with  respect  to  each  other  in  six  possible  combinations  to  achieve  the  desired 
flow  rate  or  pressure  drop  at  a  given  station  within  the  12  compartments  of  the 
transpiration-cooled  combustion  chamber. 

To  date,  600  flow-control  and  flow-diffusion  vashers  have  been 
received  from  the  vendor.  These  washers  have  been  properly  oriented  with  respect 
to  each  other  and  have  been  spot-welded  into  imitized  pairs  using  a  specially 
designed  washer-orienting  tool  and  a  micro-spot  welder. 

Laboratory  tests  were  conducted  concurrently  to  di termine  the  best 
method  of  unitizing  the  spot-welded  washers  into  unitized  compartments.  Each 
of  these  methods  was  to  be  limited  to  unitizing  the  vashers  on  the  outer  periphery. 
Methods  considered  for  unitizing  the  washers  included  brazing,  electron-beam  welding, 
soldering,  and  TIG  welding.  The  first  two  methods  were  eliminated  in  favor  of  the 
last  two  because  of  the  potential  warpage  that  may  be  experienced  with  a  high- 
temperature  braze  and  the.  problem  associated  with  keeping  the  braze  out  of  the 
f.low-control  washer  entrances  and  passages;  electron-beam  welding  required  a  develop¬ 
ment  program  to  achieve  the  proper  length  and  intensity  of  the  beam  and  posed  further 
problems  in  possibly  causing  craters  and  weld  spattering  at  the  weld  Jiinctions. 

Soldering  and  TIG  welding  appeared  promising.  Of  the  various 
solders  investigated,  Eutectic-157  exhibited  the  best  characteristics.  Two-inch- 
diameter  sample  washers  were  spot-welded  into  pairs  and  bolted  between  two  3/^-in.- 
thick  plates.  The  assembly  was  preheated  to  about  400®F  after  which  the  Eutectic-157 
was  applied  to  the  outer  periphery.  The  solder  was  easily  wiped  on  with  an  electric 
soldering  iron.  The  location  of  the  solder  could  be  readily  controlled.  Further 
testing  revealed  that  the  Eutectic~157  solder  and  all  other  solders  investigated 
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were  not  ccmpstible  with  nitric  acid.  All  solder  samples  iaersed  in  beakers  of 
various  concentrations  of  nitric  acid  were  chemically  attacked,  leaving  a  heavy 
precipitate.  Electroless  gold  platim^  of  a  solder  sample  proved  unsatisfactory. 

Although  precautions  could  be  taken  to  prevent  moisture  from 
contaminating  the  nitrogen  tetroxide  coolant,  it  was  considered  an  lumecessary 
risk  if  a  more  reliable  unitizing  method  could  be  developed. 

TIG  welding  proved  to  be  the  final  solution.  Velds  were  located 
axially  along  the  periphery  of  the  saarple  ccmpartaent.  Initially,  weld  shrinkage 
at  the  edge  of  the  first  and  last  washer  of  the  compartment  appeared  to  be  a  problem; 
however,  it  was  later  determined  that  a  nsall  veld  bead  (about  l/l6  in.  vide)  could  be 
obtained  without  appreciable  shrinkage  if  the  arc  was  struck  on  a  copper  plate  located 
at  the  top  and  bottom  of  the  compartment  assembly  and  then  moved  toward  the  center  of 
the  stack  using  a  minimum  of  current.  It  is  anticipated  that  six  axial  velds,  equally 
spaced  around  the  periphery,  are  sufficient  to  imitize  the  coatpartaent . 

In  addition  to  the  600  washers  that  have  been  micro-spot  welded  into 
pairs,  about  30  rejected  flow-control  and  flow-diffusion  washers  have  been  obtained 
to  demonstrate  the  various  unitizing  and  machining  operations  prior  to  using  the 
actual  hardware.  Upon  completing  the  compartment-unitizing  operation,  the  compairtaent 
will  be  bolted  into  a  washer-turning  mandrel  fixture  in  which  the  outside  diameter  of 
the  locating  tabs  will  be  machined.  After  this  operation,  the  costpartaent  is  bolted 
into  a  fixture  in  which  the  inside  diameter  will  be  machined  to  the  pro^sr  contour. 
(Machining  the  inside  diameter  of  three  full-scale  washers  without  visibly  affecting 
the  porosity  of  the  flow-diffusion  area  hais  been  demonstrated.)  Upon  cosipletion 
of  contour  machining,  the  unitized  washer  compartment  is  scheduled  to  be  flow-tested 
to  determine  its  K-  alues . 

At  nominal  operating  conditions,  laminar  flow  exists  within  the 
flow-control  passages  of  the  washers;  thus,  if  water  is  to  be  used  in  obtaining 
the  K-'Values,  approximately  three  times  the  pressure  drop  is  required  to  achieve 
the  same  weight  flow  at  the  proper  Reynolds  number.  Therefore,  fluids  other 
than  water  have  also  been  considered. 

Trichloroethylene,  a  readily  available  degreasing  fluid,  is 
currently  considered  to  offer  the  best  compromise.  The  values  of  specific  gravity 
and  viscosity,  listed  below.  Illustrate  the  advantage  of  trichloroethylene  over 
water : 


Trichlorethylene 

Nitrogen  Tetroxide 

Water 

Specific  gravity  at  77®F 

1.U6 

IM 

1  nomineJ-ly 

Viscosity  at  7T°F,  cp 

0.55 

0.393 

1  nominally 
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?richioroetlqr!ene  is  booi^  per  Speciflcstioe  0~?-0063^,  wlLicJt 
stipttl«tes  thst  the  wster  eoetcsit  oost  sot  exceed  IOC  parts  per  ■illioe  sod  Utat 
Dovvolstile  setter  sEust  oot  exceed  G.CCl  vtS.  A  flaal  adrastaiTe  of  ssia^  this 
fluid  is  tbe  fact  Utat  tbe  coapartaect  does  oot  batre  to  be  debfdrated  after  floritnf 
tor  K-values. 


Curres  hare  been  prepared  for  specific  iq’arlty  sad  riscosity  of 
trichloroetbyleoe  at  elevated  pressures,  a  facility  for  flovls^  tbe  coapartaests 
bas  been  located  at  Aerojet-General's  Control  Systeas  laboratory. 

Upon  coapletin^i  tbe  flow  tests  on  all  12  coapartaests ,  tbe 
co^artaents  will  be  asscabled  with  instnawcted  wasbers  on  tbe  weld-asseably 
aandrel  vbere  tbe  exterior  of  tbe  coapartaent  retainers  will  be  seal-’i^lded. 

Twelve  instnaiented  wasbers  will  be  installed  in  tbe  fuel  asseably, 
one  downstreas  of  each  coapartaent.  Tbe  beet-transfer  characteristics  of  tbe 
transpiration-cooled  ebsaber  are  discussed  in  Section  XII. 

The  entire  asseably  will  be  procr-tested  prior  to  shipping  tbe 
ebsaber  to  the  test  area. 

All  tooling  required  for  coapleting  tbe  transpiration-cooled 
coabustion  ebsaber  is  available.  Coapartaent  retainers,  forward  and  aft  flaxiges, 
studs,  nuts,  and  seals  are  either  coapleted  and  available  or  will  be  coapleted 
early  in  tbe  next  reporting  period.  A  purchase  order  for  washers  has  been  placed 
for  a  second  transpiration-cooled  coabustion  ebsaber. 
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Figure  IV-2.  Macrostructure  of  3/4-in. -dia  Inconel-718  Tubing,  3X 

Circumferential  grinding  marks  are  shown  at  higher  magnification  of  10X, 
View  with  Figures  IV-3  and  IV-4. 


Figure  IV-3.  Macrostructure  of  3/4-in. -dia  Inconel-718  Tubing,  10X 


Circumferential  grinding  marks  are  shown.  Magnification  is  3X. 
View  with  Figures  IV-3,,  IV-4  and  IV-5. 


Figure  IV-2  and  Figure  IV-3 
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Cross-sectional  view  of  circumferential  grinding  mark  is  shown 
Magnification  is  250X.  Structure  is  unetched. 

Figure  IV-4.  Microstructure  of  3/4-in. -dia  Inconel  718  Tubing 


Cross-sectional  view  of  circumferential  grinding  mark  is  shown. 
Magnification  is  250X.  Structure  is  etched.  Stringers  are  also 
shown.  Structure  is  fine-grained. 

Figure  IV-5.  Microstructure  of  3/4-in.  -dia  Inconel  718  Tubing 


Figure  IV-4  and  Figure  IV-5 
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SECTOR-ENGINE  TESTING 


A.  GENERAL 

Three  major  mileposts  were  reached  in  the  H-2  -it  --engine  test  program: 
the  activation  and  checkout  of  the  intensifier  propellant  by;tfn,  the  conversion  of 
the  Sector  Engine  to  accommodate  modular-configuration  second'’ -y  TCA  hardware,  and 
the  initiation  of  the  modular  secondary  injector  test  program.  The  following  para¬ 
graphs  summarize  eeu:h  of  these  events;  detailed  discussions  follow  ir  subsequent 
sections. 


The  intensifier- fed  propellant  system  was  activated  and  checked  out  using 
residual  hsurdware  from  the  Integrated  Components  Program  (ICP),  Contract  AF  0U(6ll)- 
85**8.  Mathematical  models  simulating  the  intensifier  controls,  engine  transients, 
and  engine  steady-state  conditions  were  completed  and  verified  by  waterflow  and  hot 
firing  tests.  A  series  of  17  waterflow  tests  were  conducted  with  the  canplete 
intensifier  and  engine  feed  system  to  establish  the  operational  characteristics  of 
the  servocontrol  system  as  well  as  the  mechanical  integrity  of  the  system.  These 
were  followed  by  three  hot  firing  tests.  Completely  satisfactory  operation  of  the 
intensifier  system  was  obtained. 

Following  the  intensifier  system  checkout  tests,  the  Sector  Engine  was 
modified  to  accommodate  the  modular-configxiration  hardware.  This  involved  extensive 
plumbing  changes  as  well  as  the  installation  of  an  adapter  connecting  the  ICP- 
configuratlon  primary  combustor  to  the  ARES-configuration  secondary  combustor.  This 
effort  was  completed  with  the  installation  of  the  modular  Mark  125  injector  and  of 
an  uncooled  50-in.  L*  secondary  combustor  on  the  engine. 

Modular-injector  testing  was  initiated  on  25  March  1966.  Five  tests  were 
performed  in  this  reporting  period.  Four  of  these  tests  yielded  valid  data.  Both 
the  Mark  125  and  the  Rake  secondary  injectors  have  been  tested.  Evaluation  of  these 
injectors  will  continue  during  the  next  quarter. 

B.  INTENSIFIER  SYSTEM  DESCRIPTION  AND  OPERATION 

The  fuel  and  oxidizer  intensifiers  are  single-stroke,  positive-displacement 
pvnnps  capable  of  developing  propellant  pressures  of  7500  psia.  Each  contains  two 
pistons  of  different  diameter  on  a  common  shaft  operating  in  cylinders.  The  nitrogen- 
side  piston  has  an  area  five  times  that  of  the  propellant  side.  A  gas  pressure  of 
1500  psi  yields  propellcmt  pressures  of  7500  psi .  The  5-ft-dia  pistons  are  20  ft  long, 
and  at  ARES  engine  flow  rates,  caui  sustain  engine  operation  for  U.5  sec.  They  are 
located  on  the  second  level  of  the  H-1,  H-2,  and  H-3  test-stand  complex,  and  supply 
propellants  to  each  test  bay  through  a  system  of  select  valves.  A  schematic  is  shown 
in  Figure  V-1. 
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Intensifier  transient  and  steady-state  control  is  maintained  by  regulating 
the  nitrogen  gas  supply  with  a  closed-loop,  electro-mechanical,  hydraulic  servo  flow- 
control  system.  Nitrogen  is  admitted  to  the  intensifier  gas  piston  through  parallel 
2-  and  U-in.-dia  flow-control  valves.  The  2-in.-dia  valve  maintains  pressure  control 
at  low  flow  demands,  and  the  4-in.-dia  valve  controls  at  larger  flows.  The  position 
of  the  flow-control  valve  is  established  by  the  servo-controlled  actuation  system 
excited  by  an  electrical  signal  generated  through  a  computerized  error  system. 

An  integral  plus  proportional  network  in  the  computer  amplifier  circuits  detemines 
the  valve  command  based  on  a  predetermined  specified  pressitre-versus-tlme  curve. 

The  resulting  command  signal  begins  with  a  comparison  of  the  gas-side  intensifier 
pressure  to  the  coanand  curve.  The  resulting  difference  signal  is  fed,  after 
amplification,  into  the  Integral  atid  proportional  portion  of  the  control  circuit. 

Here  the  signal  is  conditioned  based  on  present  and  past  time-control  responses. 

This  signal,  in  turn,  is  amplified  and  compared  to  the  flow-control-valve  position 
signal  and  a  new  required  position  ia  established.  The  resulting  signal  commands 
the  actuation  system  of  the  hydraulic  valve,  i^ich  controls  intensifier  flows 
and  pressures  to  the  prescribed  value. 

The  operating  procedure  is  quite  simple.  Propellants  are  bled 
through  the  feed  system  to  the  thrust-chamber  valves  with  the  intensifier  in  the 
exhaust  position  (piston  against  the  flow  .it  end).  This  condition  is  established 
by  venting  the  liquid  side  prior  to  admis"  ■  **  o  propellants  and  by  applying 
a  slight  gas-side  pressure.  Once  the  disci  .urge  flowmeters  indicate  a  satisfactory 
system  "bleed,*'  the  liquid  vents  are  close  and  the  gas  supply  terminated.  With 
the  gas  vents  open  and  a  slight  liquid  pi‘«'iure,  the  piston  is  reversed  until  a 
position  5  in.  from  the  gas  inlet  end  is  established.  This  procedure  ensures  that 
no  ullage  will  be  present  in  the  liquid  side  of  the  intensifier.  The  units  are 
now  ready  for  test.  Just  prior  to  engine  fire  switch,  the  2-in.-dia  flow-control 
valves  are  energized  to  establish  the  required  prepressure.  At  FS^,  the  control 
program  is  initiated  and  the  computerized  system  controls  th  pressure  through  the 
transient  and  steady-state  operation.  On  Test  Stand  H-2,  the  i-in.-dia  '.ow-control 
valves  are  used  during  the  pressure  ramps  and  during  steady-state  operation.  Shut¬ 
down  is  effected  by  de-energizing  the  flow-control  valves  with  the  gas  vents  open 
and  closing  the  thrust-chamber  valves  rapidly.  Any  system  water-hammer  is  either 
absorbed  or  minimized  by  the  intensifier. 

C.  INTENSIFIIJR  SYSTEM  ANALYSIS 

1.  Analog 

The  objective  of  ^he  analog  analysis  was  the  design  of  a  stable 
system  for  control  of  oxidizer  and  fuel  Intentifiers  on  Test  Stands  H-2  and  H-3. 

Due  to  the  nonlinearities  involved  in  the  overall  system,  an 
analog  computer-modeling  apprrach  was  employed.  The  study  was  initiated  by 
compiling  all  available  data  relating  to  the  physical  configuration  of  the  system 
(e.g.,  line  lengths,  types  and  quantities  of  fittings,  bottle  capacities,  and 
booster  characteristics).  Simultaneously,  a  generalized  mathematical  model  was 
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developed;  the  model  was  written  in  terms  of  70  coupled  nonlinear  differential  and 
algebraic  equations  that  characterized  the  hydraulic  and  pneumatic  flow  dynamics, 
intensifier  dynamics,  and  the  approximate  engine  dynamics.  In  addition,  the  control 
system  components  (valves,  servo  valves,  actuatois,  servo  controller  output  stages 
and  coupling  dynamics)  were  ascertained  by  subjecting  each  control  system  to  a 
series  of  transient  response  tests — the  resulting  response  data  were  then  equated 
to  linear  transfer  functions  that  described  the  basic  control-system  hardware. 

The  mathematical  model,  together  with  all  required  constants  and  parameters,  and 
the  description  of  the  control  system  hardware  were  then  programed  for  analog 
computer  simulation. 

Once  the  ccxnputer  program  was  verified,  an  analysis  of  possib.'.e 
modes  of  control  was  initiated.  Based  upon  these  initial  computer  results 
(together  with  previous  experience  in  intensifier  control),  it  was  concluded  that  a 
direct  "booster  gas-side"  control  mode  offered  the  most  promising  compromise 
between  control-system  stability  and  propellant  floi/-rate  control  accuracy.  Thus, 
the  control  system  was  designed  to  maintain  a  desired  (predetermined)  intensifier 
gas-piston  pressure  as  a  function  of  time. 

A  series  of  computer  simulations  was  conducted  to  determine  an 
optimum  set  of  control-system  gains,  together  with  any  required  electrical  shaping 
networks.  Proportional-plus-integral  equalization  was  ultimately  selected  to 
ensiire  a  zero  steady-state  control  error.  In  the  steady  state,  the  difference 
between  set-point  pressure  and  the  achieved  intensifier  gas-side  pressure 
decays  to  zero  due  to  the  action  of  the  proportional -plus-integral  compensator. 

The  system  gains  were  specified  such  that,  for  the  nominal  pressure-rise-rate 
conditions  required,  an  adequate  transient  response  was  obtained  consistent  with 
steady-state  stability.  For  a  nominal  2.8-sec  run  (total  duration  including 
pressurization  ramp),  the  resulting  design  ensured  a  minimxan  of  steady-state 
duration  of  1  sec  at  ncsninal  environmental  conditions  (nominal  initial  booster  gas 
ullage,  gas-bottle  pressure,  and  Initial  gas-side  prepressurization  levels).  A 
parametricl  study  was  then  conducted  to  determine  the  variations  in  these  parameters 
which  will  ensure  reliable  operation. 

2.  Steady  State 

The  steady-state  computer  program,  as  previously  described  in  past, 
reports,  was  modified  to  simulate  the  pressure-fed  engine.  Engine  baleinces  for 
the  three  hot  firings  and  17  water-flow  tests  were  established  using  the  modified 
program.  A  special  study  was  conducted  to  determine  the  effects  of  varying 
film-coolant  flowrates  on  an  existing  engine  balance.  The  results  indicate 
that  the  injector  flows  varied  only  slightly  when  film  coolant  was  reduced  frcmi 
50  Ib/sec  to  zero.  The  secondary  combustor  chamber  pressure  decreased  75  psi  since 
the  lower  total  weight  flow  was  partially  cranpensated  by  an  increase  in  overall 
combustion  effici‘'ney.  This  study  proved  the  feasibility  of  conducting  a  rapid- 
repeat  film-coolant  test  series  with  the  only  change  between  tests  being  a  pre¬ 
determined  film-coolant  balemce-orifice  change. 
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3.  Transient 


An  analytical  model  of  the  system  was  constructed  to  understand 
the  dynamic  behavior  of  the  feed  system  on  Test  Stand  H-2  during  engine  transients. 
All  liquid  lines  were  described  using  water-hammer  equations  irtiich  were  solved  on 
the  digital  ccwiputer.  The  model  represents  a  detailed  description  of  sector-engine 
feed-system  hydraiilics.  This  model  was  used  to  determine  preliminary  transient 
requiranents ,  which  were  then  evaluated  by  hydrotests.  The  test  and  model  results 
agreed  very  well,  with  no  major  discrepancies  apparent. 

The  model  was  used  to  conduct  various  sensitivity  studies  on  the 
engine  system.  The  studies  include  the  effects  of  intensifier  preset  pressure, 
intensifier  gas  ramps,  time  delay  between  initiation  of  the  oxidizer  ramp  and  the 
fuel  ramp,  and  engine  valve  sequences.  From  these  studies,  the  valve  sequences 
and  the  desired  intensifier  characteristics  were  specified  for  the  hot-firing 
checkout  tests. 


Test  1 . 2-09-WAM-002  of  the  checkout  series  was  simulated  with  the 
analytical  model,  as  presented  in  Figure  V-2,  Pages  1,  2  £ind  3.  Excellent  correlation 
was  obtained.  All  deviations  between  the  data  can  be  explained  by  individual  component 
characteristics.  As  an  example,  chamber-pressure  deviations  are  a  result  of  changing 
combustion  efficiencies  during  start  rather  than  of  the  ccnstsmt  values  used  in  the 
model.  The  verified  model  is  now  being  used  to  determine  control  requirements  for 
ARES  thrust-chamber  testing  on  Test  Stand  H-2. 

D.  INTENSIFIER  SYSTEM  CHECKOUT  TESTS 
1.  Summary 

Check-out  of  the  intensifier  feed  system  and  of  the  control  system 
was  COTipleted  during  February  with  engine  Test  1.2-09-WAM-003.  This  fulfilled  the 
primary  objective  of  the  test  series.  Prior  to  this  test  series,  satisfactory 
operation  using  water  as  the  pressurized  fluid  was  demonstrated  on  17  flow  tests  on 
5  February  I966.  The  checkout  demonstration  consisted  of: 

a.  Determining  the  integral  and  proportional  gain  settings  of  the 
servo-control  system  to  give  near-linear  pressure  rise  rates. 

b.  Demonstrating  the  minimum  pressure  overshoot  of  1%. 

c.  Verifying  an  electrical-mechanical  control-system  response 
of  65  millisec  and  its  repeatability. 

d.  Determining  the  system  sensitivity  to  initial  gas-side  piston 
position  (ullage),  nitrogen  cascade  pressure,  and  required  pressure  rise  rate. 
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(u)  e.  Developing  a  malfunction  shutdown  device  to  terminate  engine 
testing  because  of  (l)  fuel  or  oxidiier  overpressure,  (2)  oxidizer  or  fuel  exhaustion, 
(3)  greater  fuel  pressure  than  oxidizer  pressure,  and  {h)  fuel  pressure  not  equal  to  a 
prescribed  value  at  a  given  time. 

(u)  f.  Determining  of  the  resistances  of  the  feed  system. 

(u)  g.  Defining  the  operating  flow  capability  of  the  2-in. 
and  U-in.-dia  flow-control  valves. 

(c)  Secondary  objectives  of  the  hot  firing  tests  were  to  evaluate 
the  performance  of  the  Mark  20  primary  injector,  the  Mark  32  secondary  injector, 
and  the  Mark  125  AB  secondary  injector.  This  secondary  objective  was  not  achieved 
on  the  Mark  20  primary  injector  because  of  gross  damage  experienced  during 
Test  1.2-09-WAM-002.  Test  1 .2-09-WAM-003  did  demonstrate  continued  high  performance 
of  89. 5?  vacuum  specific  impulse  for  the  Mark  125  secondary  injector  in  a  20.8-in. 

L*  rough-wall  ablative  chamber. 

2.  Water-Flow  Tests 

(u)  Seventeen  water-flow  tests  were  conducted  with  the  complete 
intensifier  and  engine  feed  system  to  establish  the  operational  chauracterl sties 
of  the  closed-loop  servo-control  system  as  well  as  the  mechanical  integrity  of  the 
design.  The  testing  was  conducted  in  a  manner  to  demonstrate  satisfactory  operation 
at  all  amticipated  operating  transients  of  the  ARES  thrust-chunber  eissembly.  Upon 
completion  of  testing,  the  operating  and  control  requirements  for  reliable  component 
testing  were  demonstrated.  Limitations  of  the  design  as  well  as  flexibility  of 
operation  were  also  demonstrated.  This  minimized  the  number  of  hot  firing  checkout 
tests  required. 


3.  Hot  Firing  Tests 

a.  Test  I.2-O9-WAM-OOI 

( 1 )  Purpose 

(u)  The  primary  test  objective  was  to  check  out  the 
intensifier  feed-system  control  characteristics  at  the  hot  firing  level.  Performance 
evaluation  of  the  Mark  20  primary  injector  and  of  the  Mark  32  secondary  injector  in 
em  18-in. -L*  ablative  thrust  chamber  was  a  secondary  objective. 

(2)  Attempted 

(c)  The  test  was  conducted  on  15  February  1966,  with 
an  Intended  test  duration  of  2.3  sec  at  a  chamber  pressure  of  2500  psia.  Engine 
configuration  wets  as  shown  in  Figure  V-3,  with  balance  and  sequence  conditons  as 
shown  in  Figures  V-U  and  V-5,  respectively. 
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(3)  Obtained 

The  test  was  terminated  prematurely  at  FS2  +  1.5^3  sec 
due  to  opening  of  the  second-motion  microsvitch  of  the  primary  fuel  valve. 

{U)  Discussica 

(a)  Test  Hardware 

Posttest  inspection  revealed  slight  discoloration 
and  erosion  of  the  primary  injector  face,  outer  ring,  and  chamber  wall  (Figures  V-6 
and  -7).  The  hardware  was  suitable  for  refiring. 

(b)  Test 

Record  analysis  indicated  a  U.2-cps  fuel-system 
oscillation  during  the  intensifier-pressurization  ramp.  The  primary  combustor 
responded  to  this  feed-system  oscillation  by  producing  a  1^00-cps  oseillntion  in 
the  primary  and  secondary  injector  parameters.  The  large-amplitude  oscillations 
attenuated  during  the  compression  phase  of  the  lt.2-cps  oscillations. 

Detailed  Investigation  of  the  fuel  servo-control 
system  traced  the  l*.2-cps  oscillation  to  overcontrol  of  the  fuel  intensifier.  This 
overcontrol  was  due  to  a  shift  of  33%  in  the  loop  gain  of  the  hydraulic  system 
ftm  values  previously  established  during  water-flow  testing.  The  effect  was 
produced  by  a  fuel-system  servo  valve  which  had  been  replaced  after  water-flow  tests 
and  prior  to  the  first  hot  firing. 

The  increased  gain  was  to  be  compensated  for  by 
lowering  the  electrical  gain  in  the  servo-control  system  by  33%  from  the  loop-gain 
value  developed  during  water  tests.  (The  loop  gain  is  a  multiple  of  the  hydraulic 
and  electrical  gain.) 


The  maximum  amplitudes  of  the  lUOO-cps  primary 
oscillations  occurred  during  the  decompression  phase  of  the  4.2-cps  oscillations  and 
during  high  primary  mixture  ratios  (MRs)  of  20  or  greater.  An  earlier  dynamic 
anadysis  indicated  that  attentuation  of  .low-frequency  oscillation'!  is  obtained  at 
low  primary  MRs  (high  temperatures).  Therefore,  the  next  test  was  sequenced  to 
ignite  the  primary  combustor  at  a  mixture  ratio  below  20,  with  a  rapid  reduction 
of  mixture  ratio  to  the  balance  value  of  I**. 

An  e«u*ly  (by  120  millisec)  secondary  fuel  flow  caused 
secondary  ignition  to  occur  at  or  before  primary  ignition.  This  early  flow  was 
traced  to  a  misaligned  secondary  fuel  valve.  The  valve-opening  position  was  reset 
to  the  proper  position  for  the  next  test. 
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b. 

Test 

1.2-09-WAM-002 

(1) 

Purpose 

Identical  to  Test  1.2-09-WAH-C  . 

(2) 

Attempted 

on  23  February  1966. 

Identical  to  Test  1.2-09-WAM-001.  This  test  was  made 

(3) 

Obtained 

The  second  test  ran  for  the  scheduled  duration  of  2.3 
sec  with  all  intensifier-controls  functioning  satisfactorily. 

(4) 

Discussion 

(a)  Test  Hardware 


Postflre  inspection  revealed  severe  erosion  of  the 
primary  combustor  barrels  (Figure  V-8),  primary  injector  (Figure  V-9),  secondary 
injector  (Figure  V-10),  and  turbine-simolator  orifices.  The  second  barrel  eroded 
through  the  wall  at  the  location  of  the  Pbotocon  high-frequency  transducer 
(Fig-ire  V-ll). 


(b)  Test 

Record  review  indicated  that  all  engine  parameters 
were  as  expected  until  FS,  +1.6  sec,  at  iroich  time  the  primary-cooibustor  temperatures 
rose  sharply  (Figure  V-12T.  At  FSi  ♦  1.7  sec  the  turbine-simulator  orifice-pressure 
drop  increased,  indicating  either  Higher  mass  flow  or  higher  temperature.  No 
apparent  change  in  upstream  flow  or  pressure  was  noted.  At  FS^  +1.95  stc  the  primary 
combustor  barrels  eroded  through,  as  indicated  by  decreasing  engine  pressures. 

The  sharp  rise  in  temp'^rc.ture  is  attributed  to  local 
burning  of  the  primary  injector  producing  a  reaction  between  the  steel  and  the  highly 
oxidizing  primary  gas  products.  Local  burning  .a:sed  a  small  portion  of  the  metal 
to  its  ignition  temperature  (in  excess  of  £800®F);  it  burned  exothermally ,  releeising 
large  amounts  of  heat  at  high  flame  temperatures.  The  coL'-ustJon  continued  to 
accelerate  tc  destruction.  Motion -picture  analysis  indicated  the  presence  of  brilliant 
chamber  exhaust  gases,  Just  following  secondary  ignition,  which  v--rlfies  this  exo¬ 
thermic  reaction. 
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c.  Test  1.2-C9-WW-003 

(1)  Purpose 

(u)  The  prlaary  test  objectire  wms  to  check  out  the 
control  characteristics  of  the  intensifier  feed  systea.  Perfonsance  r.'lauatioe  of 
the  Mark  125  AB  secondary  injector  ii  a  2C.8-in.-L*  chanber  vas  the  secondary 
obJectiTe. 

(2)  Atteapted 

(c)  This  test  vas  conducted  vith  an  intended  duration 
of  2.5  sec  at  a  chaaber  pressure  of  2800  psia.  Balance  and  control  settings  vere 
as  specified  in  Figures  V-k  and  -5.  The  tested  configuration  included  the  Mark  125  AB 
secondary  injector,  the  Mod-E  primary  injector,  two  primary  barrels  (the  first  primary 
barrel  included  turbulators ) ,  and  an  uncooled  ablative  secondary  chamber  (see 
Pigurs  V-13). 

(3)  (c)  T>i-  Lest  vas  conducted  on  3  March  1966  and  operated 
-vccessfully  for  the  prescribed  test  duration  at  a  chamber  pressure  of  2850  psia. 

Thi  specific-impulse  efficiency  vas  89.5J.  A  complete  listing  of  performance  functions 
is  presented  in  Figure  V-lU, 

(U)  Discussion 

(a)  Test  Hardware 

(c)  Post test  evaluation  revealed  no  hardvare  damage. 

(b)  Discussion 

(u)  Record  analysis  indicated  excellent  engine  and 
thrust-chamber  operation  throughout  staid;,  steady  state,  and  shutdown.  The  loop 
gain  of  the  fuel  servo-control  system,  which  had  been  decreased  on  Test  -002,  vas 
slightly  increased  to  increase  the  responsiveness  of  the  system.  Indications  of 
overcontrol  were  present,  but  not  of  the  same  magnitude  as  in  Test  -001.  Test  -003 
therefore  determined  the  upper  limit  for  the  fuel  gain  settings.  No  other  abnormalities 
resxilted. 

E.  CONVERSICTI  OF  TEST  STAND  H-2  TO  MODULAR  TCA  COHFIOUPJVTIOK 

In  converting  Test  Stand  H-2  for  ARES  config\u*ation  hardware,  tne 
following  modifications  were  made: 

1.  A  test-stand  adapter  was  installed.  This  adapter  incorporates 
the  iCP  thrust  tedteout  interface:  the  ICP  primsury  combustor  chamber  at  one  end,  and 
the  ARES  secondsury  injector  at  the  other  end.  Since  this  adapter  simulates  the  pump 
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bousis^  {froB  a  secocdary  chseber  fluid-f’.ov  rtaxidpoint } ,  it  is  aacifolded  to  carry’ 
the  estire  oxidixer  flow.  Orifice-plate  recesses  are  provided  at  tbe  ozidixer  inlet 
and  outlet  flas^r  to  enable  aeterinit  orifices  to  detect  any  oxidizer  loss  at  tbe 
adapter-injector  or  injector-cfasaiber  interfaces  or  fro*  tbe  regneratively  cooled 
chsBber  itself. 

2.  An  expansion  bellcvs  vas  incorporated  in  tbe  priaary  oxidizer  line. 
Tbis  line  is  needed  for  the  pwp-fed  tests  of  1  to  2C  sec  ditratioc. 

3.  A  coBBOD  fila-coolant  supply-point  interface  vas  provided.  Tbe 
fil»-cooled  ablative  chaaber,  tbe  externally  supplied  regeneratively  filzt-cooled 
cbsBber,  axid  tbe  transpiration-cooled  chasber  are  all  supplied  fro*  this  point. 

4.  All  pltaibinit  used  vith  tbe  ICP  piatp-fed  configuration  vas  saved 
for  use  in  ARES  poap-fed  tests.  All  existing  propellant  lines,  zctuatioc  systems, 
etc.,  were  used  whenever  possible. 

A  dravinK  of  these  acdifications  is  shown  in  Piipjre  V-15.  The 
actual  conversion  vas  coapleted  durini;  the  week  of  25  March  1966. 

P.  MODULAB  HJECTOR  TESTIIG 

Developaent  testing  of  the  nodular  secondary  injector  vas  initiated 
An  March.  Five  tests  were  conducted,  and  valid  data  points  were  obtained  in  four 
of  these  '.eats.  The  first  test  was  teminated  prenaturely  due  to  an  eiroreous  signal 
froB  a  ■alfunction-detection  device.  The  testi^  has  progressed  vith  perforasnce 
evaluation  of  the  Mark  125AE  and  Fake  injectoirs  in  50- in.  L*  chaabers.  Ho  hardware 
dsBsge  has  been  experienced  in  any  of  tbe  tests.  Finalized  perforaance  data  are 
not  yet  available.  Detailed  perforaance  data  and  their  analysis  will  be  presented 
in  the  next  quarterly  report. 
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Primary  Combustor  Chamber  after  Test  1 . 2-09-WAM-001 
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Primary  Combustor  Burnthrough  after  Test  1 .2-09-WAM-002 
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VI. 


ADVANCED  TPA 


A.  GENERAL 

The  major  design  effort  was  concentrated  on  finalizing  the  three-walled 
B-design  TPA.  Although  an  earlier  study  had  indicated  that  the  two-walled  housing 
would  be  easier  to  fabricate,  fabrication  of  the  initial  three-walled  housings 
proceeded  satisfactorily.  It  was  therefore  decided  to  continue  with  the  three-walled 
design  and  to  keep  the  two-wjdled  design  in  reserve. 

The  configuration  of  the  three-walled  B-design  TPA  was  changed  only 
slightly  (Figures  VI-1  and  -2).  Heat -transfer,  stress,  critical-speed,  emd  housing- 
deflection  studies  indicated  no  serious  probl«ans,  although  sone  areas  are  still 
undergoing  detailed  design  analysis.  The  boost-pump  designs  were  initiated,  and  a 
discussion  of  design  concepts  and  preliminary  design  results  is  included  in  this 
report. 


B.  ADVANCED  TPA  DESIGN 

The  layout  of  the  three-walled  B-design  TPA  was  completed  and  reviewed 
on  28  February  1966.  The  basic  design  was  approved  by  Division  Management,  but 
several  areas  (e.g.,  cooling  of  the  fuel  bearing  housing,  the  design  of  the  primary 
valve-to-primary  combustor  feed-line  bellows,  turbine-shaft  heat  transfer  and  stress 
analysis,  and  turbine  stator  heat  transfer  jmd  stress  analysis)  require  some  addi- 
tioned.  work. 


Turbopump  housing  stresses  and  deflections  were  calculated  and  modifi¬ 
cations  made  until  acceptable  values  were  obtained.  The  axial  deflection  of  the 
housing  between  the  bearings  was  given  particular  attention.  To  limit  this 
elastic  deflection  to  approximately  0.030  in.  at  proof  conditions,  the  housing 
curvature  and  the  wall  thickness  at  the  oxidizer  end  were  increased  slightly.  A 
detailed  discussion  of  these  and  other  studies  conducted  on  the  TPA  housing  is 
included  in  Section  VIII.  The  diameters  of  the  rotating  shaft  and  of  the  impeller 
labyrinth,  the  clearances,  and  the  tocth  configurations  were  also  finalized  and  sure 
shown  in  the  TPA  layout  (Figure  VI-2).  The  resulting  axial  thrust  of  the  TPA 
rotating  assembly  is  bsJanced  when  the  first-stage  fuel  impeller  (balancing  piston) 
operates  with  an  equal  clearance  of  0.010  at  each  leuid.  The  flows  throughout  the 
system  remain  essentially  the  same  as  those  given  in  Report  10630-Q-2.  A  more 
detailed  discussion  of  the  axial-thrust  studies  is  presented  in  Paragraph  F,  below. 

Filters  were  incorporated  for  bearing-coolant  suid  combustion-seal 
propellent  flows.  The  locations  selected  are  shown  in  Figure  VI-2;  the  filter  size 
considered  for  this  application  is  about  10  microns.  The  oxidizer  filter,  shown  in 
Figure  VI-2,  is  self-cleaning  and  filters  a  total  of  35  gpm.  Of  this  total,  15  gpm 
flows  through  the  oxidizer-end  roller  bearing  and  the  remainder  is  divided  equally 
between  the  upstream  leakage  at  the  turbine  rotor  emd  the  required  flow  to  the 
combustion  seal.  On  the  fuel-pump  side,  the  entire  flow  of  I87  gpm  to  the  second- 
stage  pxanp  must  be  filtered  to  provide  19  gim  of  filtered  coolant  to  the  fuel 
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VI,  B,  Advanced  TPA  Design  (cont.) 


roller  bearing.  The  combustion  seal  requires  8  gpm  of  filtered  fuel  frc®  the 
second'Stage  pimp  discharge.  ...Two  filter  locations  were  considered:  (l)  a  self¬ 
cleaning  design  in  the  first-stage  fuel  pump  volute  and  (2)  a  nonself-cleaning 
design  shown  in  Figure  VI-2.  The  latter  location  was  selected  because  the  self¬ 
cleaning  design  located  in  the  fuel-pump  volute  is  not  removable  and  is  therefore 
considered  undesirable  for  TPA  development  testing.  However,  for  a  production 
engine,  this  location  would  be  preferred  because  a  filter  with  a  larger  area  could 
be  incorporated. 

On  the  basis  of  radial  deflections  of  the  fuel-pump  housing  and  on  the 
downstream  temperature  distributions  in  the  craibustion  seal,  cooling  of  the  fuel 
bearing  housing  appears  desirable  to  ensure  proper  bearing  fits  and  to  minimize 
potential  hot  spots  on  the  turbine  exhaust  liner.  The  oxidizer  flow  (Figure  VI-2)  to 
be  utilized  for  this  cooling  is  tapped  off  behind  the  fuel-housing  piston  ring  and 
flows  at  about  50  ft/sec  along  the  outer  wall  of  the  fuel  bearing  housing  to  the 
downstream  side  of  the  combustion  seal  where  it  is  mixed  with  fuel  and  burns  with 
the  turbine  exhaust  gases.  Detail  design  of  the  cooling  passages  is  now  in  process. 
Test  data  from  the  rotating-combustion-seal  tests  will  be  used  to  finalize  the 
design. 


The  turbopump  instrumentation  layout  was  completed  and  is  shown  in 
Figure  VI-3.  Instrumentation  includes  sufficient  static-pressure  taps  to  calculate 
the  TPA  axial  thrust  and  to  compare  these  values  with  the  measured  balance-piston 
operating  position.  If  necessary,  the  axial  thrust  will  be  corrected  by  chemging 
the  diameter  of  the  labyrinth  or  by  adjusting  the  flow-path  resistance?.  In 
addition  to  monitoring  these  pressures  and  thrust-balance  positions,  the  bearing 
temperatures  and  the  strain-gage  readout  on  the  thrust  bearing  will  also  be  monitored 
to  obtain  thrust-bedance  information.  Pressures  and  temperatures  will  also  be 
measured  throughout  the  TPA  assembly  to  determine  pump,  turbine,  primary-combustor, 
and  valve  performance. 

Turbopump  stackup  tolerances  and  shimming  requirements  were  determined, 
and  a  summeur  of  critical  pump  buildup  and  operating  clearances  is  given  in 
Figure  VI -b.  These  dimensions  will  be  incorporated  on  the  master  layout  drawing. 
Also,  the  test-fixture  layouts  for  the  pumps  (Figures  VI-5  and  -6)  are  nearing 
completion,  and  tester  layouts  for  the  inducer,  the  boost  pump,  and  the  hydraulic 
turbine  will  follow. 

C  PUMP  DESIGN 

The  piamp  hydraulic  suialysis  was  completed.  The  pump  wear-ring  leakages 
resulting  from  the  selected  operating  clearances  and  from  the  predicted  pressure 
schedule  are  essentially  the  same  as  those  given  in  Report  10830-Q-2.  Alternative 
wear-ring  designs  considered  for  the  oxidizer  impeller  are  included  as  auxiliary 
views  on  the  TPA  layout  (Figure  VI -2);  their  effects  on  oxidizer  pimp  efficiency 
for  the  various  types  of  wear-ring  designs  are  summarized  in  Figure  VI -7.  As  shown. 
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oxidizer  impeller  veftr-ring  clearances  for  the  straight  labyrinths  could  he  increased 
frcD  their  present  nominal  value  of  O.OOY  to  0.015  in.  without  pensdizlng  the  overall 
TPA  performance  too  severely.  Wear  ring  development  work  is  further  disc\issed  in 
Section  X. 

The  final  stress  analysis  on  all  main-stage  impellers  and  inducers  was 
completed,  and  a  summary  of  the  Impeller  materials  and  margins  of  safety  at  critical 
locations  is  given  in  Figure  VI-8. 

Cast  Aluminum  358  was  found  to  he  inadequate  for  both  main-stage  impellers 
the  fuel  impeller  will  therefore  he  made  from  titanlisi/ 6Al-^Va  alloy.  Thi:  heavier 
fuel  impeller  reduced  the  critical  speed  from  51,800  to  51,600  rpm.  The  oxidizer 
impeller  will  be  made  from  Aluminum  606I-T6.  Although  steel  was  considered,  it  was 
not  selected  because  the  critical  speed  wouild  decrease  U,000  rpm  and  fall  below  the 
desired  design  value  of  lt8,000  rpm.  With  these  new  materials,  the  margins  of  safety 
ere  very  adequate  for  all  Impellers  and  inducers. 

D.  TURBINE 

Parts  for  the  air-testing  of  two  designs  were  ordered.  The  highly 
twisted  blade  design  described  in  Report  10830-0-2  has  been  ordered,  and  delivery  . 
of  hardware  for  air-testing  is  expected  in  mid  July.  In  addition  to  this  design, 
a  less  complex  blade  geometry  (constant  cross  section  from  hub  to  tip)  will  also  be 
fabricated  and  tested.  The  results  of  these  tests  will  determine  'ihe  efficiency 
that  can  be  obtained  with  rotors  having  optimum  and  less-than-optimum  blade  euigles. 

A  summary  of  tvirbine  critical  clearances  and  blade  stresses  is  given 
in  Figures  VI-6  and  VI-8,  respectively;  since  the  turbine  blade  root  stresses  are 
quite  high  at  144,000  rpm,  extended  ovcrspeed  operation  at  the  maximum  turbine  inlet 
temperature  of  1500®F  will  be  limited  to  severed  minutes  only.  At  40,000  rpm,  the 
turbine  has  an  adequate  margin  of  safety  of  0.l4. 

E.  SHAFT 

The  critical-speed  analysis  for  the  B-design  turbopump  was  completed; 
the  results  are  summarized  in  Figiire  VI-9.  Case  1  (i.e.,  critical  speed,  55»600  rpm, 
for  the  rotating  assembly  only)  neglects  the  housing  and  thrust-chamber  effects. 

Case  2  illustrates  that  the  mass  of  the  housing  and  the  spring  rates  of  the  bearing 
support  are  sufficiently  large  to  have  little  effect  on  the  critical  speed  of  the 
rotating  assembly.  Cases  3  through  15  show  the  effects  of  increased  rotating 
component  weights,  various  bearing  spacings,  and  reduced  bearing  sizes  on  critical 
speed.  These  cases  Illustrate  that  changes  on  the  oxidizer  side  greatly  influence 
the  critical  speed,  whereas  chan^  .s  on  the  fuel  side  have  a  much  smaller  effect. 

The  combined  influence  of  housing  and  thnist-chamber  effects  on  critical  speed  is 
shown  as  Case  16;  the  resulting  value  of  51,800  rpm  is  more  than  20^  above  the  design 
.■speed  of  40,000  rpm. 
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A  purchase  order  was  placed  for  3-in.-dia  UDIMET  700  bar  stock,  and 
delivery  is  due  in  July.  This  material  will  be  used  to  establish  the  tensile, 
notch-tensile,  and  fatit^ue  properties  of  electron-beam-welded  butt  Joints  at  roan 
and  elevated  temperature.  The  3-in.  diameter  was  selected  as  being  representative 
of  the  turbine-shaft  weldment  design.  Heat-transfer  results  of  the  finalized 
turbine-shaft  designs  for  slot  depth  of  0.31  end  O.56  in.  between  the  turbine  disc 
and  the  combustion  seal  are  shown  in  Figures  VI -10  and  -11,  respectively.  As  can 
be  noted,  a  large  temperature  gradient  exi^^'s  at  the  root  of  the  small  slot,  but 
this  gradient  is  reduced  considerably  with  the  deeper  slot.  The  heat-transfer 
analysis  was  based  on  a  maximum  absolute  turbine  inlet  temperature  of  l^OO^F; 
however,  as  noted  on  Figiures  VI-10  and  -11,  the  maximum  total  temperature  that  the 
rotor  can  exp  jrience  is  1360®F  because  the  inlet  relative  velocity  of  the  gas  is 
considerably  less  than  the  absolute  velocity  and  thus  results  in  the  lower  relative 
toteil  temperature. 

F.  AXIAL  THRUST  AND  BEARING  DESIGN 
^ •  Axial  Thrust  Balance 

The  modifications  to  the  axial-thrust-balance  computer  program 
(changing  the  mathematical  model  fron  the  A-  to  the  B-turbopump  configuration  with 
dual-acting  thrust-balance  piston)  were  completed.  The  steady-state  analysis  was 
also  conpleted.  This  analysis  investigated  the  effects  of  various  parameters,  i.e., 
wear-ring  and  shaft-labyrinth  radial  locations  and  clearances.  It  should  be  noted 
that  the  axial  forces  on  this  rotating  system  are  very  large  (the  summation  in  each 
direction  is  about  200,000  lb)  auid  that  the  pressure  distribution  is  based  on  a 
complex  flow  network  which  's  subject  to  tolerances  and  deflections.  Therefore, 
the  dimensions  predicted  t^  give  a  thrust  force  of  zero  are  not  expected  to  be  exact. 
However,  the  parameter-variance  study  permits  the  conclusion  that  thrust  balance 
can  be  achieved  by  modifying  certain  component  dimensions.  The  two  dimensions  which 
have  the  most  significant  effect  upon  axial  thrust  are  the  radii  of  the  wear  rings 
located  on  the  inlet  and  on  the  backside  of  the  oxidizer  impeller. 

Further  analysis  of  the  dual-acting  balance-piston  design  resulted 
in  the  reduction  of  the  maximum  flow  rate  (at  the  zero-thrust  position)  from  200  to 
lJ+0  gpm.  This  was  accomplished  by  decreasing  the  radial  clearsuices  of  the  inlet 
labyrinths  at  the  impeller  shroud  tips  from  0.010  to  0.007  in.  Figure  VI-12 
compares  the  total  and  the  single-side  flow  rates  for  both  radial  clearances. 

Figi're  VI-13  shows  the  load-deflection  curve  as  a  function  of  this  labyrinth 
clearance.  The  0.007-in.  labyrinth  clearances  result  in  a  slightly  lower  spring 
rate  unde^  low  axial  loads,  but  the  total  load  capacity  would  remain  unchanged. 

Figure  ’'I-lU  is  a  plot  of  balance-piston  stiffness  versus  axial-land  clearance. 

In  this  case,  the  smaller  clearance  (0.006  in.)  results  in  a  much  stiffen  system, 
which  is  desirable;  however,  the  combined  effects  of  fuel-pump  housing  deflections, 
fuel-impeller  deflections,  and  machining  tolerances  would  make  it  difficult  to 
maintain  this  small  axial  clearance. 
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Based  on  this  analysis  and  on  expected  operational  conditions, 
an  inlet  labyrinth  radial  clearance  of  0.007  in.  and  an  axial  land  clearance  of 
0.010  in.  t'.ppear  to  be  the  best  selection. 

Figiire  VI -15  is  a  plot  of  initial  start-transie  it  unbalance  forces 
and  axial  displacements  of  the  rotating  assembly  for  the  noLixnz\  computer  steady- 
state  mathematical  model.  This  plot  was  based  on  the  Ak£S  engine  stairt  transieiit 
as  presented  in  Report  10830-Q-2,  Figure  XV-1.  The  maximum  deflection  of  the 
rotating  assembly  occurs  at  about  1.7  sec  when  pump  discharge  pressures  arc  low  in 
comparison  with  pimp  suction  pressures.  The  maximum  ball-bearing  load  is  370  lb 
and  the  force  on  the  thrust  balancer  toward  thi*;  oxidizer  impeller  is  lb.  As 
the  pressure  levels  throughout  the  turbopump  rise,  the  thrust  reverses,  and  the 
maximum  ball-bearing  and  thrust-balancer  forces  are  370  and  3000  lb,  respectively, 
in  the  direction  of  the  fuel  impeller.  When  steady-state  conditions  are  reached, 
the  axial  position  of  the  balancer  is  not  at  zero  (nominal  setting).  Balance-piston 
operation  at  the  zero  position  could  be  achieved  by  slightly  changing  the  geometry 
of  the  wear  ring  or  of  the  shaft  labyrinth.  However,  this  steady-state  condition 
(i.e.,  an  axial  displacement  of  0.0038  in.  and  an  unbalance  force  of  2100  lb)  is 
acceptable  and  would  be  within  the  expected  allowable  veuriation  resulting  from 
fabrication  tolerances  and  pump  performance  variations. 

Further  analyses  will  be  performed  to  determine  the  effects  of  the 
thrust-balance  system  on  start  transient  and  steady-state  performance  caused  by 
variations  in  clearances,  flow-passage  resistances,  and  pump  performance. 

2 •  Bearing  Design  and  Development 

The  spring  rate  of  the  diapLram  which  supports  emd  allows  axial 
movement  of  the  duplex  ball-bearing  set  was  increased  from  32,000  to  60,000  Ib/in. 
With  this  spring  rate,  an  axial  load  of  U20  lb  is  required  to  bottom  the  diaphram 
out  in  either  direction  (the  +  0.007 -in.  allowable  travel  remain;  the  same).  This 
higher  spring  rate  results  in  a  stiffer  shaft  system  during  the  start  transient. 

The  steu't  ti*ansient,  as  plotted  in  Figure  VI -15,  was  calculated  considering  this 
higher-spring-rate  diaphram. 

The  roller-bearing  cages  are  being  modified  as  a  result  of  a  cage 
failure  in  the  wear-ring  Hydrolab  test  program.  (This  failure  is  discussed  in 
Section  X.)  In  this  program,  the  bearing  is  water-lubricated.  The  lubricating 
properties  of  water  appear  to  be  very  similar  to  those  of  AeroZINE  50,  and,  as  a 
result,  similar  roller-end  wear  occurs.  The  design  modification  consists  of  riveting 
every  web  (only  three  webs  are  presently  ri vetted)  for  increased  rigidity  and  of 
removing  the  pocket  stickout  of  the  alurainu”'!  shroud.  The  only  function  of  this 
stickout  is  to  retain  the  rollers  in  the  cage  when  the  outer  race  is  removed. 

It  should  be  noted  that  the  unmodified  cage  performea  very  well  in 
l*0,000-rpm  tests  with  NgOj^,  as  discussed  in  Section  IX. 
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Alternative  cages  of  the  def'gn  used  •fn  -he  successful  2?,000-rpin 
tests  are  presently  being  fabricated  and  a.*-  schedaiei  to  be  available  by  the  end 
of  April. 


Figure  VI-I6  is  a  tabulated  comparison  of  ball-  anu  ri  ller-bCc  ing 
contact  stresses  of  the  ARES  bearirg  designs  (at  I4C ,000  rpn)  vith  load  requirements 
of  the  work  statement  and  with  the  results  of  bearings  sur-ees*' .'ully  tested  at 
2^,000  rpm.  This  tabulation  snows  that  the  ABES  bear:  r  7  r' .  esses  are  essentially 
the  same  as  those  of  the  25,00C’-rpfp  tests. 

G.  SEALS 

A  complete  discussion  of  the  seal  development  is  given  in  Section  XI. 

H.  TURBOPO.'P  HOUSING 

n  complete  discussion  of  housing  analvsis  and  development  is  given  in 
Section  VJIZ. 

I.  fc.''0ST 

A  de«l  -‘.-lew  1  bocst-pump  con'epts  was  ht*ld  on  25  February  1966. 

Two  concepts  we-o  orese.  (1)  an  ai:'lal-flo.;  design  >  icb  •/eiuires  a  thrust- 

balance  piston,  ani  (2)  a  mixed-ri'w  design  (impeller  di'  'Large  between  \dial  and 
axial  direction)  which  can  be  balan.'.d  without  a  p'ston  (Figure  \j.-17'.  The  mixed- 
flow  design,  al -hough  5  lb  heavier  than  the  axial-flow  design,  was  selected  because 
of  its  simplicity.  '‘Iso,  it  was  decided  that  the  oxidizer  and  fuel  boost  pumps 
should  incorporate  as  many  interchr^ 'cable  parts  es  possible  because  the  weight 
penalty  thus  incurred  would  be  sm 

The  design  specifications  for  the  boost  pump  and  rvdraulic  turbine 
remained  unchanged  from  those  gi/en  in  Report  10630-0-2  except  for  the  fuel  pump 
speed,  which  was  reduced  from  6OOO  to  7300  rpm  to  permit  the  use  of  he  .ixidizer 
l^draulic  turbine  rotor  and  nozzle  vane  on  the  fuel  boost  p'-r.,'i.  The  only  d  iference 
in  oxidizer  and  fusl  turbines  is  the  partial  admission  area,  which  in  3  for  the 
oxidizer  and  2.3%  for  the  fuel. 

The  low  arc  of  admission  and  the  high  tur.ning  lopds  on  the  turbint 
blades  require  a  high-strsngth  blade  material  vith  gorl  endurance  proper  The 

selected  maisrial,  AM-350,  satisfies  these  requirements  and  r<-3ultF  -’n  a  ty 
factor  of  l.lU  (preliminary  analysis).  The  single -p-dmi-ssicn  ..^.^ign  was  selected 
because  of  the  small  turbine-nozzle  area,  which,  howe'/er,  result^  i ..  a  rddi.il  bearing 
Ir-id  of  about  8OO  lb.  Combined  with  this  load,  the  bearingp  are  requlr“d  to  carry 
an  axial  load  of  1200  lb,  which  results  in  a  predicted  beirir.g  life  of  39  hr. 
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Turbopump  Assembly  Layout,  B-Design  (u) 


Figure  VI -2 
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Critical  Clearances,  in. 


Axial 

Radial 

Build 

Bot 

Build 

Hot 

Running 

JJL-, 

Running 

Oxidizer  li^Uer  sbroudej 
wear  ring 

0.050 

0.028  cold* 
0.040  bot** 

0.006 

0.007  (nom) 
0.003  (■In) 

Oxidizer  bousing  bearing  fit 

— 

— 

0.0001 

O.OOOIB  COM* 

0.0007  bot** 

Fuel  bousing  bearing  fit 

— 

— 

0.0001 

0.00049  coM* 

0.0003  bot** 

Fuel  lapeller  shrouded 
wear  ring 

0.009 

0.007  (nt<a) 
0.004  (min) 

Fuel  iiqieller  balance  piston 
land 

0.010 

0.003  0.017 

— 

— 

Priaary  coadmstor  and  oxidizer 
bousing 

— 

— 

0.0055 

0.0016  (nom) 

Turbine  rotor  tip 

— 

— 

0.020 

0.032  (nom) 

TYubine  stator  -  primary 
coadmstor 

—  . 

— 

o.o4o 

0.010  (ncm) 

Turbine  stator-rotor 

0.090 

0.085 

•  • 

NOTE:  Conditions  considered  include  housing  temperature  (UCKJ^F  oxid.  side  and 
250°?  fuel  side),  housing  growth  and  misalignment,  shaft  deflections 
(critical  speed,  imbalanced  loads),  0.001^  radial  runout,  and  iii^>eller 
growth. 


*  Cold — Initial  start-up  conditions 
**  Hot — Steady-state  conditions 


Critical  Turbopump  Clearances  at  Nominal  Operating  Conditions 


Figure  VI-4 
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Figure  VI-7 


BASIC  OX.  PUMP  EFFICIENCY  HAS  BEEN  USED  AS  74*  FOR  CYCLE  ANALYSIS 
EACH  PERCENT  CHANGE  IN  OX.  PUMP  EFFICIENCY  REQUIRES  7<lF  CHANCE  IN  ’ 
TURBINE  INLET  TEMPERATURE  TO  BALANCE  THE  CYCLE. 


Keport  10e3(M)-3 


Narsin 


Material 

of  safety* 

Inducers 

Qiidixer 

A-266 

0.26 

Fuel 

V**i-*fc 

0.52 

Hainstage  lapeller 

Oxidizer,  bub 

Al'bObl 

0.52 

Oxidizer,  spline 

A1-6o61 

0.21 

First  Stage,  fuel,  bun 

0.65 

First  Stage,  fuel,  spline 

V^Al'**Va 

2-99 

Second  Stage,  fuel,  bub 

A-286 

0.13 

Turbine 

Rotor  Blade  g 

Sodurance,  10°  cycles 

UDDfET  TOO 

O.lb 

(1»0,000  rpa)  ^ 

Endurance,  10'^  cycles 

0 

(U,000  rpm) 

Sta-tor 

UDIMBT  TOO 

400  cycles** 

'■Based  on  1.1  Safety  factor 
■■Based  on  Low  Qycle  Fatigue  Cri'teria 


Pwp  and  TUrbine  Stress  Swaiary— Critical  Areas 


Figure  VI-8 
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Figure  VI-9 


Figure  VI-10 


Turbine-Shaft  Temperature  Distribution,  0. 31-in. -4ccp  Slot 


liirbine-Shaft  Temperature  Distribution,  0.56-in. -deep  Slot 


Fuel-Pump  Inlet -Side  Clearance,  H  x  10^  in. 

1 .  Speed  40,  000  rpm 

2.  Nominal  Land  Clearance 

Inlet  Side  -  0.  010  in. 

Back  Side  -  0. 010  in. 

3.  Number  of  Labyrinth  Teeth 

Inlet  Side  -  7 
Back  Side  -  7 

4.  Labyrinth  Clearance 

Inlet  Side -Back  Side  0.010  - 

0.007  -----  (Design) 

5.  Data  per  ARES  Design-B  Thrust-Balance 
Program  G£  225,  dated  21  Feb  1966 


Thrust-Balance  Flow  Rate  vs  Position 


Figure  VI-12 


Axial  Force,  lb 
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NOTES; 

1.  Speed,  40,000  rpm 

2.  Nominal  Land  Clearance 
(Inlet  &  Back-Side  Land), 

0.  010  in. 

3.  Number  of  Labyrintn  Teeth 
(Inlet  &  Back  Side),  7 


4.  Positive  Force  Towards 
Fuel-Pump  Inlet 

5.  Data  per  ARES-B  Thrust- 
Balance  Program  GE-225, 
dated  21  February  19^6 


Summation  of  Axial  Force  vs  Thrust-Balancer  Position 


Figure  VI-13 
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Deflection  of  Thrust  Balancer  from  Center 
Position,  H  X  103  in. 


NOTES: 

1.  Speed,  40,000  rpm 

2.  Nominal  Balancer  Labyrinth  Clearai'ce,  0.  007  in. 

3.  Positive  Force  Towards  Fuel-Pump  Inlet 


Thrust-Balancer  Load  Deflection  vs  Axial-Land  Clearances 


Figure  VI -14 


Start -Transient  Data  per  Figure  XV- 1  of  Second  Quarterly 
Report:  Two -Stage  Fuel  Pump,  Separate  Fuel  Valves. 


Thrust-Balancer  Position  and  Load  during  TPA  Start  Transient 
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m. 

BACKUP,  OR  IMLIBE,  TURBOPWP 


A.  GEIERAL 

A  backup  turbopiaqp  is  being  designed  for  the  ARES  ProgrMi  and  viU  be 
used  if  critiesl  aspects  of  tbe  advanced  turbopu^  are  not  adequately  proven  in 
Phase  I  of  the  contract.  The  conservative  design  objective,  together  with  other 
considerations,  which  were  diseusscu  in  detail  in  the  first  quarterly  report, 
resulted  in  the  selection  of  a  configuration  with  the  shaft  parallel  to  the  line  of 
thrust.  This  turbopunp,  consequently  designated  the  "inline”  design,  has  a  noninal 
operating  speed  of  30,000  rpa.  The  design  features  include  noderate  bearing  W 
values,  low  pressure,  anbient  tenperature,  purged  dynanlc  shaft  seals,  conventional 
housings,  and  an  end-aounted  axial  flow  turbine  which  confines  the  hi^-toqierature 
elenents  to  the  thrust-chanber  end  of  the  TPA. 

The  design  of  the  structural  test  housing  was  coapleted,  all  required 
forgings  were  delivered,  and  fabrication  of  the  structural  test  housing  was  initiated. 
The  final  stress  analysis  of  the  housing,  including  the  effects  of  thenaal  gradients, 
is  nearing  cowpletion.  The  analytical  design  of  punps,  t'..rbine,  bearings,  seals, 
and  thrust-balance  systea  is  continuing. 

B.  TPA  0ESI(a 

1.  Configuration  Reflneaents 

As  tbe  design  analysis  progresses,  various  areas  of  design  improve¬ 
ments  are  disclosed.  Detailed  design  of  the  second-stage  fuel  i]iq>eller  indicated 
that,  because  it  was  open-faced,  its  head  rise  would  be  affected  by  changes  in  axial 
clearance  associated  with  the  nonnal  operation  of  the  thrust-balance  system.  To 
avoid  this  problem,  a  double-shrouded  second-stage  impeller  was  designed  which  also 
serves  as  the  axial  thrust-balance  device.  Tbe  new  geometry  eliminates  tbe  need  for 
the  second-stage  diffuser,  ^icb  provided  structural  support  for  tbe  interstage 
thrust-balance  orifices,  and  will  thus  permit  tbe  sl]iq>lification  of  tbe  housing. 

This  conceptual  revision  under  study,  shown  on  the  cross-section  of  tbe  inline  TPA 
in  Figure  VII -1,  should  be  compared  to  Figure  VII -1  of  Report  10830-Q-2. 

2.  Performance  Refinements 

Detailed  analyses  of  impeller  and  diffuser  designs  and  of  hydraulic 
losses  indicate  that  specification  values  shown  in  Report  10830-Q-2,  including 
predicted  efficiencies,  are  sufficiently  accurate;  no  performance  adjustments  are 
required  at  this  time. 
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C.  P(MP  ISSIGi 

2 .  OaddAter  Pi»p 

Detailed  aaaljsee  of  dlffoeer  end  hooslag  looses  sre  aesrlng 
eoi^letloo.  ¥be  oaddlter  iaveller  is  belait  desi^Md,  sad  sluroad  sad  eaae  eoordlaates 
bsive  beea  establisbed. 

Tbe  stress  aaslysis  of  the  iadacer  is  aearlag  eoapletioa.  Relatively 
hl^  stress  levels  sere  fboad  at  the  hub  aear  tbe  leading  edge,  the  thiebaess  of  tbe 
bub  sad  tbe  blade  taper  from  bub  to  tip  elll  be  iaereased  to  ensure  adeqjuate  strsagtb. 

laltial  aaalyses  sad  layouts  of  tbe  flaal  oaiditer  diffuser  gecaetry 
iadleate  that  a  vaae  ialet  angle  of  about  7*  will  be  required.  This  sballov  angle  and 
tbe  eannlez  vane  contours  probably  will  aot  penit  tbe  "bogging  out"  of  tbe  vanes,  as 
vlll  be  done  oa  tbe  slaplifled  structural  test  unit.  Thus,  the  fabrication  approach 
for  tbe  final  bousing  aay  have  to  be  nodlfled  to  permit  tbe  use  of  a  revised  method 
for  millitig  tbe  vane  contours. 

2.  First-Stage  Fuel  Paep 

Olffuser-vane  layouts  for  the  first-stage  fuel  poqp  uere  coi^leted. 

As  with  the  oxidizer  diffu^vr,  it  aay  be  necessary  to  revise  the  fabrication  technique 
for  the  housing  to  isqnrove  producibility. 

lapeller  shroud  profiles  uere  established,  and  the  vane  geometry 
is  currently  being  determined. 

The  stress  analysis  of  the  inducer  is  nearing  completion.  Preliminary 
results  show  unacceptable  stress  levels  similar  to  those  on  the  oxidizer  inducer 
design;  and  a  modification  similar  to  that  proposed  for  tbe  oxidizer  inducer  will  be 
used  to  achieve  acceptable  stresses. 

3.  Second-Stage  FUel  Pan* 

Because  of  its  dual  role  as  iiq>eller  and  thrust  balancer,  tbe  second- 
stage  fuel  impeller  has  received  considerable  attention.  In  addition,  the  need  to 
provide  a  significant  negative  slope  to  the  H-Q  curve  for  good  engine-cycle  "righting 
torque"  requires  careful  investigation  in  an  impeller  design  of  such  lov  specific 

speed  Finally,  the  close  proximity  of  the  bearings  presents  special 

problems  of  mechanical  positioning;  and  support  of  components  vltbin  the  limited  space. 
Figure  VII-1  sbovs  tbe  revised  concept  of  the  second-stage  pusq).  The  second-stage 
iapeller  is  circumferentially  split  and  assembled  in  two  halves  to  achieve  the  desired 
positioning  of  orifices. 
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(a)  Tb  oelilc**  the  slopiaK  ewe,  the  lapcUer  tascs  nmnoolly 
thiek  TMM.  Ilicoc  VMM  pTOdMC*  tlw  rc^Bii^  hi^h  dl«chorge-flo»  eoefficlcat  aod 
prorld*  a  n«scd  atnietvrc  fbr  boltlaf  tb*  two  balvn  togitter. 

0.  tobub  ma 


(e)  The  tnrblae  has  hcaa  dsalgned  to  prednea  10, $00  big*  at  a  ^aod 
of  30,000  rpm.  At  an  ialrt  teaperstare  and  prcaaara  of  1222*F  and  kkj^  paia, 
raspectlTelj,  the  tarhlot  will  flov  about  239  Ib/sae  of  oaidlxar-ridi  gam  at  a 
pressara  nstlo  of  l.$.  flgarea  VII>2  and  -3  shov  prsdieted  tarhioa  flov  aad  toniae 
characteristics  not  previoaslj  preseated.  The  overall  predicted  perfonaaee  aap 
vas  Included  ic  Report  10830-Q>^. 

2.  Stress  end  Theraal  Analyais 

(a)  The  stress  and  thezual  analyses  on  the  turbine  sere  ccagdeted. 
All  stresses  arc  acceptable.  As  indicated  in  Figure  VII>A,  skoving  combined  stresses, 
scae  "first-cycle  yielding"  is  expected  to  occur  in  the  disc  rin,  iriiicb  is  acceptable. 
Figures  VII-$  and  -6  shov  the  predicted  disc  themal  gradient  aad  the  eentrifi^al 
stress  distribution,  respectively.  Figure  VII-7  shoes  themal  stress  only. 

(u)  Blade  natural  frequencies  lie  veil  above  the  occiting  (nossle- 
passing)  frequency.  Figure  TII-6  illustrates  the  predicted  values.  The  prediction 
aethod  used  has  been  verified  by  vibration-testing  on  other  blading  designs. 

E.  POWER  TRllSMISSIOH 
1.  Critical  Speed 

(u)  A  detailed  analysis  of  shaft  critical  speeds  and  deflections 
was  c<nqileted,  and  a  report  is  being  prepared.  Effects  of  housing  stiffness  vere 
included  in  the  analysis.  The  first  critical  speed  is  predicted  to  be  betveen 
>40,000  and  U2,000  rpa.  This  provides  a  critical-speed  nargin  veil  in  excess  of  20% 
of  the  30,000-rpai  design  speed.  (These  values  are  for  the  configuration  shown  in 
Figure  VII-1  of  Report  10830-Q-2.)  The  revised  second-stage  fUel-puap  configura¬ 
tion  has  not  been  coapletely  analysed,  but  only  minor  critical-speed  changes  are 
anticipated. 


2.  Bearings 

(u)  A  detailed  design  of  the  ball  and  roller  bearings  vas  completed. 
However,  because  of  revisions  to  the  axial  thrust-balance  system,  the  ball  thrust¬ 
bearing  design  may  require  revision.  The  final  design  will  be  established  in  con¬ 
junction  with  the  thrust-balancer  analysis. 
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3.  ibd«l  Umirt  B»l«ae« 

As  nBlioasd  parcvioosly,  s  revised  ssial-tlmist-^slsiicc  sjrstca  is 
being  investigated.  The  fonBer  geosetry  canned  the  oaidiser  i^eller  to  prodoce  a 
net  tbamst  of  aboot  32,000  Ibf,  idiieh  eas  balanced  against  the  net  ttamst  of  the 
first-  and  second  stage  fhel  labellers.  Interstage  orifices  on  the  ftesl  punp 
inmvlded  position-aensitive  thrust  variation  to  achieve  thmst  balance.  Fignre  TII-l 
of  Bepodrt  10630>4)-2  iUnstrates  the  original  geonetry.  This  njstcn  had  the  potential 
dranb^  of  significant  variations  in  azlal  thmet  dnring  engine  cycle  transients 
beeaase  of  the  relatively  large  and  independent  thmst  vectors  associated  with  each 
inpeller  and  the  turbine.  In  addition,  the  thmst-conpensstion  systen  has  relatively 
lov  response.  The  revised  thmst-balance  systen  is  shoen  in  Figure  VII-1  of  this 
report.  Each  first-stage  pmp  inpeller  is  essentially  balsnced,  prodneing  virtually 
no  net  thmst  during  steady-state  or  transient  operation.  The  second-stage  ftael 
inpeller  is  also  nearly  balanced,  but  is  position-sensitive  to  provide  restoring 
force  if  noved  tram  its  center  neutral  position.  This  design,  ufaich  results  in 
ipprosiaately  twice  the  recirculated  flow  of  the  fonier  concept,  is  nuch  less  sensi¬ 
tive  to  system  transients  and  has  a  snvinun  rest(»ring  force  of  shout  18,000  lb 
coqiared  to  10,000  lb  of  the  original  concept.  It  also  has  a  hi^ier  response  c^»a^ 
bility  snd  is  a  fblly  double-acting  system,  i.e.,  incr  sing  force  on  one  side  of 
the  disc  is  aeeoq;ianled  by  decreasing  force  on  the  ap^usite  side.  The  azial-tbmst- 
balance  system  analysis  on  the  Is^iroved  design  will  continue,  although  other  con¬ 
figurations  will  also  be  investigated. 

k.  Pynsnic  Shaft  Seal 

In  keeping  with  the  conventional  approach  for  the  inline  TPA,  a 
low-pressure  ambient-temperature  seal  locaticn  was  selected  between  the  two  propellant 
inlets.  This  location  and  environment  permits  the  use  of  conventional  purged-seal 
concepts. 


Several  dynasdc-seal  concepts  are  under  investigation.  These 
include  purged  positive-contact  face-riding  seals;  purged,  hydrostatic  lift-off 
seals;  purged,  controUed-gap  shaft-riding  seals;  and  purged,  vented  variations  of 
the  foregoing  designs.  Figure  VII-9  illustrates  the  vaiious  concepts. 

Controlled-gap  shaft-riding  seals  have  the  significant  disadvantage 
of  not  providing  a  positive  static  seca.  Thus,  they  require  extreme  care  in  engine 
sequencing  to  ensure  purge  flow  at  all  times  dmring  which  propellant  is  in  the 
systen.  Consequently,  they  are  not  favored  for  application  in  the  dynamic  shaft 
seal. 


Positive-contact,  face-riding  seals  provide  the  potential  of  xuwest 
leakage  and  hence  require  the  smallest  purge-supply  container.  In  turn,  they  may 
pose  wear,  cracking,  and  high  heat-generation  problems.  However,  extensive  experience 
accumulated  on  Titan  programs  (including  man-rated  engines)  and  by  industry  in 
general,  makes  this  seal  concept  a  most  piromising  choice. 
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Rpdroatatle  lift-off  aeala  alao  provide  poaitive  atatie  sealing, 
but  penit  hi^wr  leakage  ratea  than  the  poaitive-contact  deaigna.  However,  aince 
they  do  not  mh  during  nonal  operation  and  do  not  uae  carbon  noae  piecea,  they  are 
capeeted  to  avoid  the  wear,  flraetnre,  and  beat-generation  probleaa  of  the  rubbing- 
contact  deaigna.  Thna,  th^  offer  t^  poaaibility  of  longer  life  and  Inproved 
reliability. 


Purged,  vented  variationa  of  the  foregoing  concepta  are  also  being 
explored  becauae  of  their  potential  for  further  increaae  in  reliability.  One 
potential  failure  node  conaiats  of  leakage  of  one  aeal  into  the  inter-aeal  cavity 
during  static  eoe.dltioos  at  startup,  shutdown,  or  coasting.  Re-adnission  of  the 
purge  fluid  would  then  carry  a  portion  of  this  propellant  into  the  opposite  ptaq> 
inlet,  precipitating  sn  explosive  failure.  Vented  systems  would  largely  preclude 
this  failure  node.  Secondary  Teflon  wiper  seals  are  being  considered  for  added 
safety  because  of  good  results  on  the  Titan  IIA  engines. 

Two  approaches  are  being  considered  for  purge-supply  systems : 

(l)  independently  actuated  syatens  of  the  types  schematically  illtistrated  in 
Figure  VII-9  of  Report  10630-Q-2,  and  (2)  integrated  systens  activated  by  inlet- 
valve  and  turbopuag)  operation. 

Independent  systems  require  additional  control  circuitry  for 
operation  and  monitoring,  but  their  mechanical  integration  is  relatively  simple. 
Consequently,  changes  in  valve,  turbopump,  and  engine  sequencing  can  be  made  without 
significant  impact  on  the  purge-supply  system.  However,  improved  adaptability  to 
intermittent  operation  must  be  Investigated  for  restart  applications. 

Integrated  systems  directly  linked  to  the  oxidizer  inlet  valve 
eliminate  the  need  for  additional  control  circuitry  emd  can  be  adapted  to  inter¬ 
mittent  operation.  However,  proper  sequencing  is  of  greatest  importance  to  ensure 
that  purge  fluid  reaches  the  seal  before  the  propellant  and  continues  to  flow  until 
all  propellant  has  left  the  pumps.  In  addition,  means  of  sealing  the  mecheuiical 
linkage  must  be  provided.  Because  of  the  advanced  status  of  design  on  the  ABES 
inlet  valves,  it  does  not  appear  practical  to  consider  mechanical  modifications  of 
these  designs  at  this  time.  However,  by  virtue  of  its  configuration,  the  in-line 
TPA  can  use  less  sophisticated  butterfly-type  inlet  valves.  These  configurations 
are  under  investigation  for  their  adaptability  to  purge-supply  system  control.  A 
typical  approach  is  shown  in  Figures  VII-10  and  -11. 

Figure  VII-10  Illustrates  a  typical  seal  inert-purge  supnply  system. 
Oxidizer  (the  higher-pressure  propellant)  is  tapped  off  the  suction  line  between 
the  boost  pump  and  the  inlet  valve.  It  pressurizes  the  purge  fluid  container, 
augmenting  the  spring  load  of  the  bellows  and  Increasing  the  purge  pressure  above 
the  propellant  pressure.  Purge  fluid  flow  is  controlled  by  a  cam-actuated  plug 
valve,  which  is  an  integral  part  of  the  oxidizer  suction  valve.  The  cam- follower 
is  contained  in  a  bellows  to  provide  positive  separation  of  the  purge  fluid  from 
the  propellant.  However,  since  the  purge  fluid  is  at  a  higher  pressure  than  the 
propellant,  leakage  would  not  precipitate  a  catastrophic  failure.  Figure  VII-11 
shows  the  Integrated  oxidizer  suction-vslve/purge-valve  detail. 
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F.  BOUSHG 

The  In-line  TPA  bousing  is  shown  in  Figure  VII-12.  The  low-pressure 
inlet  sections  are  fomed  of  stainless  steel  3^7,  whereas  the  high-pressure  sections 
are  nachined  and  welded  trm  fotir  Ineonel-7l6  forgings.  The  outer  shell  consists 
of  a  formed  In'sooel-TlS  plate.  One  structural  test  unit  will  be  fabricated. 

1.  Fabrication 

Two  sets  of  forgings  were  obtained,  and  fabrication  was  initiated. 
Initial  aaehining  operations  are  under  way.  The  plaster  aolds  for  the  piaip-inlet 
forming  dies  hare  been  prepared  and  are  being  inspected.  Delivery  of  the  housing 
is  scheduled  for  nld-May  1966. 

2.  Design 

The  detailed  stress  and  thermal  analysis  of  the  structural  test 
bousing  is  nearing  completion.  Ho  areas  of  excessive  stress  were  disclosed  in  the 
finalized  design.  The  majority  of  the  stresses  range  from  20,000  to  ^0,000  psi. 
Maximum  indicated  stress  was  118,000  psi  at  the  Juncture  of  the  radial-to-cylindrical 
sections  of  the  oxidizer  housing.  This  stress  (idiich  is  outer  fiber  stress  only) 
is  acceptable  for  Inconel-7l8. 

Results  of  the  detailed  stress  analysis  are  being  sunnarized. 

Stresses  and  deflections  will  be  presented  for  hydrotest  conditions,  maxintm  expected 
operating  point  (MBOP)  with  naxiaum  temperatures,  and  MEOP  with  ambient  thermal 
conditions.  The  latter  condition  was  Investigated  to  determine  the  potential  benefits 
of  additional  internal  film  cooling  in  the  housing.  < 

Predicted  deflections  were  found  to  be  low,  in  keeping  with  the 
intended  conservatism  of  design.  Axial  deflection  between  the  roller  bearings  is 
predicted  to  lie  from  0.002  in.  (at  ambient  temperature)  to  0.008  in.  (at  maximum 
temperature)  idiich  can  be  reduced,  if  required,  depending  on  the  amount  of  bousing 
coolant  (if  any)  supplied.  Allowable  deflection  is  on  the  order  of  0.020  to  0.030  in. 

Stresses  for  certain  areas,  e.g.,  the  diffuse^  vanes,  were  not 
fully  established.  However,  it  is  believed  prudent  to  await  preliminary  results 
from  actual  testing  of  the  structural  test  housing  before  proceeding  further  with 
the  purely  analytical  approach. 

Figure  VII-13  summarizes  predicted  stress  levels  at  pertinent 
housing  locations.  Figure  VII-lU  summarizes  calculated  housing  deflections.  The 
overall  stress  and  deflection  results  are  highly  satisfactory  and  reflect,  in 
general,  the  anticipated  success  of  the  conventional  geometry  and  moderately  sized 
high-pressure  channels. 
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Only  a  Halted  theraal  analysis  of  the  housing  vas  perfoiaed.  A 
aore  detailed  analysis  vas  not  considered  necessary  because  of  the  ease  and  suit¬ 
ability  of  proridlng  cooling  if  required. 

The  thezaal  analysis  involved  siaplified  one-  and  tvo-dlaensional 
beat  transfer  into  the  bousing  surztnmdlng  the  priaary  coabustor.  It  vas  assuaed 
that  the  coabustor  liner  vould  be  vented  only  near  the  injector.  Pressure  oscilla¬ 
tions  of  the  priaary  coabustor  vere  then  estlaated  to  create  an  average  effective 
gas  velocity  of  1  ft/sec  betveen  the  housing  vail  and  the  liner,  except  in  the  close 
vicinity  of  the  liner  vent  ports  vhere  a  velocity  of  3  ft/sec  vas  assuaed.  A  con¬ 
servatively  high  gas  teaperature  of  15i00°F  vas  used  in  the  axialysls,  coapared  to  the 
1220°F  tei^rature  required  by  the  specification. 

The  calculated  vail  teaperatures  in  the  priaary  coabustor  area  and 
the  supporting  heat-transfer  analysis  are  presented  in  Section  XIX.  The  teaperature 
levels  of  the  bousing  vail  are  acceptable,  but  could  be  reduced  vith  virtually  no 
cycle  penalties  by  bleeding  a  saall  saount  of  oxidizer  into  the  cavity  betveen  the 
priaary  coabustor  liner  and  the  housing  vail. 
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Butterfly  Suction  Valve  Adapted  to  Purge  Control 


Figure  VII-12 
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A.  GEBERAL 

The  objectires  of  the  housio^  prograes  are  the  deTclopaent  of  bouainga 
thet  will  cootaiB  the  required  fluid  and  gaa  preseurea,  traaanit  the  fluida  and 
gaaea  froa  atatioo  to  station  with  ainisoa  press‘.*re  ropa,  proride  a  atable  baae  for 
Us*  rotating  coapooenta,  and  tranaait  the  throat  lo  d  dereloped  bj  the  thruat  ehaaber 
to  the  aiaaile  fraae. 

Model  teatizsg  waa  aceoaplished  vith  excellent  sresulta.  The  baaie  con> 
figuration  of  the  housing  ves  proven  feasible.  The  design  of  the  B-boosing  is 
proceeding  oc.  schedule.  Fabrication  of  the  first  A-bousing  vas  coapleted  on 
31  March,  and  testing  will  begin  early  in  ^prii. 

B.  MODEL  TEST  RESULTS 

1.  Introdoetioo  and  Suaaary 

The  testing  prograas  for  the  advanced  turboptaqp  bousing  aodel  vere 
sbovn  is  Figure  VIII-1  of  Report  10830-Q-2.  The  results  of  Metal  Model  I  testing 
^..re  presected  in  Report  10830-;i-l.  Preliainary  test  results  from  j^sotoelestic 
aodels,  froa  Metal  Model  li  and  froa  braze  saaples  weie  presented  in  Report  10830>Q*2. 
The  aodel  testing  prograas  have  nov  been  coapleted  and  the  resxilts  analyzed.  The 
test  data  froa  Met^  Models  I  and  .1  vere  analyzed  and  coapared  to  those  froa  Housing-A. 
The  analysis  shows  that  a  thickening  of  the  hsuslsg  vail  at  the  T-junction  vould  be 
aore  effective  than  external  ribs.  Tbe  curvature  of  the  oxidizer  end  doae  is  the  aajor 
detentinant  of  housing  axial  deflection.  A  coaparison  of  done  curratures  veirsus  axial 
displaceaent  is  shown  in  Figure  VIIT-1. 

2.  Braze-Saaple  Teating 

Initial  analysis  of  hydrotest  results  indicated  a  brazu  strengt..  of 
20,000  psi.  Further  evaluation  of  test  res\ilts  revealed  that  tbe  strength  of  the 
braze  Joint,  considering  100%  area  bond,  vas  only  15 >9^0  psi.  A  aetallurgical 
exaainatios  of  tbe  brazed  surfaces  indicated  that  only  50%  of  tbe  braze  surface 
vas  bonded  before  testing.  In  addition,  tbe  braze  saterial  shoved  indications  of 
poor  analgaBatioo.  The  sawole  bad  been  brezed  with  a  100-lb  lead  on  tbe  specimen 
vbicb  vas  not  sufficient  to  ensure  a  good  bond.  Tbe  aetallurgist  indicated  that 
additional  testing  should  be  perfo.'aed  v  '  cylindrical  rather  than  flat  saaples. 

By  using  cylindrical  shapes,  a  uoi^ora  press  ire  can  be  applied  to  the  bond  by 
interference- fitting  of  the  tvo  surfaces.  Further  b>*aze-saaple  testing  vas  dis¬ 
continued  until  lesults  of  present  fabrication  netb*.^*  have  been  evaluated. 

3.  Electroo-Beaa-Velded  Sample 

One  sample  vas  electron-beam  velded  and  hydrotested  early  in  the 
reporting  period.  Some  difficulty  vas  encountered  during  velding  due  to  varpage 
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of  the  flat  staple.  As  three  veld  passes  were  aade  on  each  rib  and  varpage  occ;irred 
on  the  first  pass,  it  was  extreaeiy  difficult  to  follow  the  rib  pattern  on  subsequent 
passes.  This  problea  was  not  encountered  in  the  actual  part  and  could  hare  been 
aroided  in  the  staple  with  iaproved  claaping. 

The  electron-beaa  welded  saaple  was  hydrotested  in  a  aanner  siailar 
to  that  used  on  the  brazed  saaple.  The  saaple  vas  increaentally  pressurized  to 
2000,  AOOO,  and  6A00  psig,  returning  to  0  psig  after  each  increaent.  The  speciaen 
began  to  fail  dtiring  the  initial  pressurization  to  6^00  psig  when  a  loud  crack  vas 
beard.  The  test  vas  continued  vhe  the  saaple  shoved  no  leakage.  The  next  cycle 
vas  tensinated  at  3100  psig  and  the  last  cycle  at  3370  psig  due  to  additional 
cracking  sounds  and  subsequent  burst. 

A  aetallurgical  exaainat-on  of  the  veld  Joint  shoved  iaproper  veld 
width  at  the  Joint  and  insufficient  penetration  of  the  electron  beaa  in  soae  areas 
of  the  Joint.  These  conditions  were  caused  prioarily  by  the  varpage  of  the  veld 
saaple.  To  obtain  proper  penetration  in  the  second  Hcusing-A,  veld  samples  were 
Ejtde  ioBwdiately  prior  to  voiding  on  the  housing  to  ensure  proper  machine  operation. 
In  addition,  radiographic  inspection  vas  used  to  ascertain  that  a  proper  veld  Joint 
vas  attained. 


An  additional  electron-beaa-veld  seaple  may  be  fabricated  and 
tested  at  a  later  date;  the  saaple  will  be  either  properly  clamped  during  welding 
or  a  new  specimen  shtpe  will  be  used. 

**•  Photoelaswlc  Model  Tests 

The  two  pbotoelastic  models  were  tested  and  the  results  were 
analyzed.  The  first  model  vas  subjected  to  pressure  only,  whereas  the  second 
model  vas  subjected  to  pressure  and  thrust  lead.  The  results  show  that:  (a)  the 
mazimui  stress  to  be  expected  in  the  three-vailed  Hoiising-A  is  73,OOG  psi;  (b)  some 
radii  must  be  increased  to  avoid  stress  concentrations;  (c)  it  is  desirable  to 
reduce  the  cylindrical  projection  into  the  outlet  cylinder  to  reduce  local  stresses 
at  the  Juncture;  since  tois  projection  is  required  to  bold  the  primary  combustor, 
larger  radii  vill  be  added  at  the  Juncture  to  reduce  the  stress  "'•Tel;  (d)  the 
thrust  pad  is  veil  supported  and  should  cause  no  serious  problem.,  and  ( e )  the 
bearing  support  areas  should  not  rotate  or  misalign  significantly  under  load  to 
be  detrimental  to  turbopiap  operation. 

5.  Metal  Model  II  Tests 

The  hydrotests  and  thrust  tests  of  Metal  Model  II  were  completed 
and  the  test  results  were  analyzed.  Tne  resxilts  of  pressure  and  thrust  testing 
with  the  original  large  ribs  are  questionable  due  to  a  fixture  slippage  during 
testing.  The  large  nut  used  to  retain  the  fuel  housing  could  not  be  torqued 
sufficiently  diiring  test  setup,  and  test  results  show  a  large  ax5al  movement 
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between  besring  centers  in  the  first  tests  due  to  atoveswnt  of  the  retaining  nut. 

IQten  the  aodel  was  tested  with  ribs  of  reduced  height,  an  additional  aeasureaent 
was  Bade  to  ascertain  the  magnitude  of  the  movement  between  the  fuel  bousing  and  the 
oxidizer  bousing  due  to  the  inability  to  torque  the  retaining  nut  to  the  required 
value.  This  axial  movement  was  0.0082  in.  which,  wfae:}  subtracted  from  the  previously 
measured  turbopuaq>  roller  bearing  center  axial  displacement  of  0.0273  in.,  results 
in  a  true  turbopiap  roller  bearing  axial  displacement  of  0.0191  in.  inasmuch)  as 
Housing-A  design  replaces  the  retaining  nut  with  a  bolted  flange.  A  final  summary 
of  results  and  a  projection  to  Housing>A  performance  is  shown  in  Figure  VIII-2. 

C.  HOUSISG  PABRICATIOH 
1.  Housing  A 

The  objectives  of  fabricating  a  Housing>A  vere  to  determine  fabri¬ 
cation  problems  and  solutions  prior  to  the  fabrication  of  Housing-B,  to  ascertain 
cost-reduction  areas,  to  determine  nondestructive  test  methods,  and  to  provide  a 
structurally  stable  housing  that  woiud  meet  Vork  Statement  and  rotating-element 
requirements . 


Housing-A  is  fabricated  in  three  separate  parts:  the  oxidizer 
bousing,  the  fuel  housing,  and  the  oxidizer  bearing.  Two  each  of  these  parts  were 
ordered.  Two  versions  of  the  three-wcdled  oxidizer  housing  were  designed  and 
ordered.  One  version  used  plug-welding  for  attaching  the  internal  passage  ribs  to 
the  walls  and  the  other  tised  electron-beam  welding  for  the  rib-to-wall  attachment. 
Ihis  allows  sn  evaluation  of  the  two  fabrication  methods  on  the  basis  of  cost, 
fabrication  time,  and  structural  integrity. 

a.  Plug-Welded  Oxidizer  Housing 

The  plug-welded  oxidizer  bousing,  PN  1122^22,  shown  in 
Figure  VIII-20  of  Report  1083O-Q-2  wss  ordered  on  21  December  19^5  €Uid  work  began 
iimaediately .  During  preliminary  machining  and  forming,  weld  8aiq>le8  were  being 
prepared  to  determine  the  slot  length  and  shape  of  the  plug  weld.  The  final  plug 
weld  is  a  1-in. -long  slot,  0.210  in.  wide,  with  a  30°  t^>er  from  0.030  in.  above 
the  inner  surface  to  the  outside  surface.  Root-weld  passes  are  made  to  attach  the 
ribs  to  the  shell,  and  the  weld  is  then  dye-penetrant  inspected  for  cracking.  If 
the  welds  are  satisfactory,  the  filler-weld  passes  are  made  to  the  desired  surface 
level  and  are  dye-penetrant-ii:spected  again. 

Assembly,  machining,  and  welding  of  the  housing  proceeded  on 
schedule  until  after  the  T-section  was  welded  in  place  and  t’.e  imit  sent  for  solu¬ 
tion  aiwealling.  After  solution-tumealling,  the  bousing  received  a  rough  machine 
cut  on  the  inner  bore  to  re.Tove  excess  material,  and  was  then  sent  for  stress 
relief  and  aging. 
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The  beat-treat  vendor  erroneously  decided  to  age  the  bousing 
vitbottt  stress  relief  because  a  solution-anneal  bad  been  performed  tvo  days  earlier. 
The  unit  was  rejected  by  Aerojet-General  and  returned  to  tbe  beat-treat  vendor  with 
detailed  instructions  bov  to  relieve  tbe  stresses  of  rougb-cut  nachining  that  were 
locked-in  by  tbe  aging  cycle.  Tbe  unit  was  to  be  placed  in  a  furnace  with  a  ■azinun 
teaperature  of  ^OO^F,  tbe  teaperature  was  to  be  increased  at  a  rate  of  100^/hr 
to  1800®F  and  held  at  1800®F  for  1-1/2  br .  The  unit  wi  s  then  to  be  cooled  to  1350®F 
as  rapidly  as  possible  and  the  nornal  aging  cycle  perfcraed.  Tbe  vendor's  furnace 
charts  were  requested.  The  furnace  charts  indicated  that  the  beating  cycle  bad  been 
erroneously  acccaplished  in  90  nln.  The  tvo  tberaocouj les  on  tbe  part,  as  specified 
in  Aerojet-General  Specification  U66OUB,  had  not  been  ised.  This  beat  treataent 
was  consequently  rejected. 

The  heat-treat  vendor  va'  instructed  to  solution-anneal  the 
unit  vith  the  required  tbenocouples  attached.  Aerojet-General  personnel  were  sent 
to  witness  this  beat  treataent  idiich  was  accooplisbed  in  accordance  with  tbe 
specification.  Subsequent  dye-penetrant  inspection  indicated  over  150  cracks.  Of 
these  150  indications,  UO  were  outside  of  Aerojet-General's  specification  and  were 
repaired.  Due  to  so  ouch  weld  repair,  the  vinit  was  returned  for  re-aging,  which 
was  again  witnessed  by  Aerojet-General  personnel.  Dye-penetrant  inspection  after 
beat  treataent  revealed  26  major  cracks.  Aerojet-General's  welding  and  oaterials 
experts  iioediately  tried  to  determine  the  most  feasible  repair  procedure.  It  was 
determined  that  tbe  oaterial  bad  been  subjected  during  previously  described  best 
treatoents  to  tesqperatures  over  1950®P  but  less  than  2200®F  for  a  period  of  tiae 
stifflcient  to  produce  an  csxcessive  carbide  fils  at  tbe  grain  boundaries.  This  con¬ 
dition  would  produce  a  low  elongation  at  elevated  teoperatures  and  seriously  linit 
tbe  weldability  of  the  oaterial  in  an  aged  condition. 

The  rapid  heating  and  cooling  of  tbe  three-walled  structure 
had  created  high  tbemal  stresses.  A  tberoal-stress  calculation  showed  that  tbe 
inner  ccoplex  of  intemediate  shell  and  ribs  bad  lagged  approximately  500®F  behind 
tbe  teoneratiire  of  tbe  inner  and  outer  walls.  Tbe  following  corrective  actions 
were  taken.  Tbe  bousing  was  placed  in  a  furoace  at  UOO®F  (max),  and  tbe  temperature 
was  raised  froa  1»00  to  12CX)®F  at  increments  of  200®F/br,  with  thermocouples  installed 
on  the  three  walls  of  tbe  cylindrical  portion.  The  unit  was  stabilized  at  12CX)®F 
and  then  heated  at  &  rate  of  800®F/hr  to  1500®F  to  pass  rapidly  through  the  age¬ 
hardening  zone.  After  stabilizing  at  1500®F,  the  unit  was  heated  to  1800®F  and  held 
for  tvo  hours.  Tbe  unit  was  then  removed  froa  tbe  furnace,  an  adapter  manifold  was 
clamped  to  tbe  thrust-chamber  flange,  and  argon  gas  was  blown  through  the  passages 
at  5  ft 3/hr,  increasing  slowly  to  25  ft3/hr  as  the  unit  cooled.  The  hardness  of 
the  material  on  the  Rockwell  scale  was  Rc  7.  The  unit  was  then  dye-penetrant 
inspected,  and  no  additional  cracks  were  evident. 

The  weld  repairs  were  made  by  welding  and  peening  each  veld 
pass  to  acccatplish  an  immediate  stress  relief.  After  all  crack  Indications  were 
reooved,  the  unit  was  returned  for  aging.  The  aging  cycle  consisted  of  placing 
the  imlt  in  a  1*00®F  furnace  and  heating  to  1200®F  at  a  rate  of  200®F/hr,  stabilizing 
at  1200®F,  then  raising  to  1350®F  at  200®F/hr  and  stabilizing  at  1350®F.  The  part 
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vas  held  at  1350®F  for  10  hr,  fumace-cooled  to  1200®F,  and  held  at  1200®F  for  a 
total  aging  time  (1330®  -*■  furnace  cool  *  1200®F)  of  20  hr.  The  part  vas  then 
furnace-cooled  bgr  argon  gas  flow  to  rooa  teatperatxire .  The  final  Rockwell  hardness 
vas  Rc  k!i,  and  djre-penetrant  inspection  shoved  no  further  discrepancies.  Final 
■achining  vas  accoaplished,  and  the  unit  vas  received  on  31  March.  Figures  VIII-3, 
-k,  and  -3  show  the  oxidizer  end  and  thrust-chaaber  flange,  the  internal  contour, 
and  the  thrust-s\tpport  structure,  respectively. 

b.  Electron-Beaa-Velded  Oxidizer  Housing 

The  electron-beas-rvsidiag  housing,  PH  11219UU  (sinilar  to 
PI  1122322  as  shown  in  Figure  VIII-20  of  Report  10830-Q-2),  vas  ordered  on 
30  Deceaber  1963,  and  work  has  proceeded  on  schcrdule.  The  heat  treataent  of  the 
three-valled  struct^tre  vas  delayed  by  about  one  week  to  ascertain  the  effects  of 
the  new  heat-treat  cycle  described  t^ve  and  to  ensure  that  the  problem  vas  resolved. 
The  T-sectioc  is  being  welded  in  place,  and  delivery  of  the  housing  is  expected  in 
April. 


c .  Fuel  Housing 

Two  fuel  housings,  PI  1122li26,  as  shown  in  Figure  VIII-20  of 
Report  IO83O-Q-2,  were  ordered  on  19  January  1966.  Some  difficulty  vas  encountered 
in  electron-discharge  machining  the  Integral  diffuser  vanes.  On  23  February  an 
Aerojet-General  representative  vas  sent  to  the  vendor  as  au  on-site  observer  to 
assist  and  accelerate  the  aanufactxire  of  the  first  houf.isg.  The  housing  vas 
received  on  I6  March.  The  gaaaa-ray  inspection  aethods  used  revealed  tvo  veld 
areas  irtiich  could  not  be  accurately  nisolved.  This  information  vas  used  to  improve 
the  Housing-B  design.  In  addition,  the  difficulty  of  aachining  the  integral  vanes 
was  resolved  in  the  Housing-B  design,  as  described  in  paragraph  D,3,  belov. 

d.  Oxidizer  Be’^ring  Boiising 

The  oxidizer  bearing  housings  were  conpleted  (PH  1121913 >  as 
shown  in  Figure  VIII-20  of  Report  IO83O-Q-2}  and  shipped  with  the  oxidizer  bousing. 
Ho  problems  were  encountered  in  this  unit. 

2.  Test  Plans  and  Setup 

The  plan  for  hydrotesting  and  thrust-testing  the  Housing-A  vas 
completed.  The  test  seiup,  Aerojet -General  Drawing  11203^6,  vas  revisea  as  shown 
in  Figure  VIII-6.  The  test  tooling  is  shove  in  Figure  VIII-7.  Preliminary  plans 
have  been  aade  for  vibration-testing  and  vill  be  finalized  if  the  Initial  testing 
of  Bousing-A  is  successful. 
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D.  HOUSIHG-B  DESIGN 

1.  Design 

Tvo  boiising  designs  for  the  B-version  of  the  advanced  turbopump 
were  studied.  The  tvo-valled  unvelded  rib-to-shell  design  vas  completed  and  vendor 
quotations  were  solicited.  The  tvo-valled  design,  based  on  vendor  quotations  for 
tvo  units,  vould  cost  approximately  less  than  the  tbree-valled  design.  The 
main  problem  in  the  tvo-\falled  design  is  the  requirement  for  complete  redesign  of 
the  primary  injector  due  to  the  addition  of  the  return  manifold.  Further  effort  on 
the  tvo-valled  design  vas  postponed  unless  serious  fabrication  or  structural  problems 
are  encountered  in  Housing-A.  The  primary  effort  vas  therefore  placed  on  the 
three-valled,  velded  rib-to-shell  design  similar  to  the  Housing-A  design. 

The  three-valled  velded-rib  Housing-B  design  is  a  refinement  of 
the  Housing-A  design.  The  overall  length  of  the  housing  betveen  the  fuel  housing 
attachment  flange  and  oxidizer  inlet  flange  of  the  oxidizer  housing.  Figure  VIII-8, 
has  been  reduced  by  2.625  in.  The  center  line  of  the  thrust-chamber  flange  has  been 
moved  1  in.  tovards  the  oxidizer  inlet  end.  The  T-section  of  the  oxidizer  housing 
is  made  from  a  solid-cone  shaped  forging,  vhich  is  velded  in  place;  the  oxidizer 
passages  are  drilled  holes.  This  vill  greatly  reduce  both  time  and  cost  of  attach¬ 
ing  the  T-section.  An  orifice  plate  has  been  added  to  the  face  of  the  thrust- 
chambe**  flange  vhich  can  be  readily  changed  as  required  to  ensure  uniform  entrance 
pressures  to  the  tubes  of  the  regeneratively  cooled  thzust  chamber  and  uniform  exit 
pressures  from  the  tubes.  The  curved  vanes  in  the  oxidizer  passages  are  designed 
for  minimum  pressure  drop.  A  volute  and  boss  have  been  added  to  the  oxidizer  dome 
for  supplying  high-pressure  oxidizer  to  the  boost -pump  turbine.  The  oxidizer  bear¬ 
ing  bousing  has  been  made  integral  vith  the  oxidizer  housing.  A  boss  is  being 
designed  for  connecting  the  fuel-supply  line  to  the  boost-pump  turbine.  The  veight 
of  the  housing  has  been  reduced  significantly. 

2.  Oxidizer  Housing 

The  oxidizer-bousing  detail  dravings  are  JOt  ccciple;.e.  The  curved 
rib  patterns  betveen  shells  have  been  submitted  to  the  Housing-A  vendors  for  study 
and  comment.  The  major  effort  vas  concentrated  on  simplifying  the  manufacturing 
procedures.  In  addition,  considerable  effort  has  been  expended  to  determine,  by 
layout,  the  location  for  feed  lines  to  the  bearings  and  coolant  passages,  and  the 
location  of  instnnnentation . 

3.  Fuel  Housing 

The  fuel  hoxislng.  Figure  VIII-9,  has  been  designed  based  on  using 
Inconel  718..  The  fuel  housing  for  the  Housing-A  design  vas  made  from  AISI  3**7, 
vhich  resixlted  in  a  heavier  unit  and  costly  machining  of  diffuser  vanes.  AISI  3^7 
is  not  suitable  for  electron-beam  velding  required  in  the  nev  diffuser-vane 
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■•nufacturing  process.  In  the  new  process,  the  diffuser  vanes  are  isachined  on  the 
open  face  of  the  right-hand  forging  and  inserted  in  holes  in  the  left-hand  face. 

The  vanes  are  attached  by  several  electron-beaa-veld  passes  around  the  circimference 
of  the  left-hand  forging, with  sufficient  penetration  depth  to  ensure  a  strong  bond. 
The  use  of  Inconel  718  allows  a  reduction  in  wall  thickness  of  the  volute  section 
and  a  reduction  in  the  size  of  the  outer  flange.  Cost  estiiaates  will  be  obtained 
before  a  decision  is  nade  to  proceed  with  this  design. 

Provisions  have  been  made  for  regeceratively  cooling  the  hot-gas 
side  of  the  fuel  housing  by  bleeding  oxidizer  from  the  inner  oxidizer  passage 
across  the  fuel -housing  face  and  discharging  the  oxidizer  at  the  combustion  seal. 

This  will  keep  the  fuel  housing  cool  and  avoid  thermal-stress  or  distortion  problems. 

U.  Stress  and  Deflection  Analyses 

The  stress  analysis  for  the  Housing-B  design  is  being  made  for 
two  conditions:  (a)  proof  pressure  and  thrust  load  at  ambient  temperature,  and 
(b)  maximum  expected  operating  pressure  and  thrust  load  plus  operating  temperatures. 
The  proof  pressure  and  proof  thrust  loads  are  defined  as  I.U5  times  nominal  pressure 
and  1.^  times  nominal  thrust  load,  respectively.  The  maximum  expected  operating 
conditions  are  based  on  an  allowable  txirbine  overspeed  of  lOJ^,  which  raises  the 
nominal  pressures  and  the  nominal  thrust  load  by  a  factor  of  (1.1)^  and  1.21, 
respectively. 


The  preliminary  proof-pressxire  and  thrust  conditions  at  maximum 
stresses  and  deflections  eu’e  shown  in  Figures  VIII-10  and  11,  respectively.  The 
stresses  and  deflections  were  compiled  from  results  of  analyzing  various  areas 
through  several  design  itera«ions  as  the  final  design  was  developed.  An  overedl 
analysis  is  currently  being  set  up  to  produce  a  final  analysis  of  the  entire  Housing-B 
design  for  the  two  conditions.  The  axial  and  radial  deflections  are  being  ccxnpared 
with  limiting  values  required  by  beeu-ings,  seals,  pump  impellers,  and  turbine  to 
ensure  that  the  housing  has  proper  operational  stability. 

The  turbine  nozzle  required  special  attention  in  the  attachment  to 
the  housing  and  where  contact  is  made  with  the  primary  combustor.  The  stresses  and 
deflections.  Figures  VIII-12  and  13,  are  the  res\ilts  of  several  analyses  conducted 
to  establish  the  final  design.  The  l80,000-psi  stress  at  Point-B,  Figire  VIII-13, 
is  a  thermal  stress  and,  when  compared  to  fatigue  strength,  has  a  use  life  without 
failure  exceeding  500  cycles.  By  comparing  the  radial  deflections  of  Points  5,  6, 

7,  8,  and  9  of  Figure  VIII-13,  a  slight  rotation  is  evident  in  this  area.  The 
rotation  is  not  severe  enough  to  affect  the  sealing  of  the  piston  rings  or  the 
turbine  tip  clearances  and  is  therefore  acceptable. 
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5.  Testperature 

nie  taoxising  inner-vall  temperatures  are  dependent  tq>on  bot-gas 
velocity  between  the  metal  beat  barrier  and  the  bousing  vail,  i^n  oxidizer  coolant 
flow  rates  on  the  opposite  side  of  the  vail,  and  upon  housing  vail  thickness.  The 
interaction  of  these  three  variables  is  shown  in  Figure  VIII-lU.  It  can  be  readily 
seen  that  the  hot-gas  velocity  at  the  bousing  vail  is  the  primary  determinant 
of  housing  vail  ten^rature. 

Ihe  hot-gas  velocity  at  the  housing  vail  is  dependent  on  the 
effectivity  of  the  metal  heat  barrier  in  reducing  the  main-gas-stream  velocity. 
i  By  reducing  the  number  of  hot-gas  entrances  and  by  their  proper  placing  vith  res- 

i  pect  to  the  cavity  formed  by  the  metal  heat  barrier  and  the  housing  vail,  recircula- 

I  tion  of  hot  gas  and  hot-gas  velocity  can  be  minimized  (to  less  than  1  ft/sec).  The 

}  hot-gas  entrances  must  be  of  sufficient  area  co  allow  gas  to  pass  to  and  from  the 

I  cavity  during  start  and  shutdown  transients  without  collapsing  the  metal  heat 

I  barrier.  The  prlmazy  combustor  in  the  workhorse  housing  will  be  used  to  additionally 

I  test  various  metal  heat-barrier  designs. 

,  An  analysis  of  thermal  stresses  in  the  oxidizer  bousing  deter- 

’  mined  that  the  maxlimaB  inside  tesqperature  of  the  housing  in  the  primaiy  combu^toz 

region  should  not  exceed  about  U00®F.  !Ihus,  the  effective  gas  velocity  between 
the  shield  and  the  housing  should  not  exceed  5  ft/sec.  In  the  oxidizer  bearing 
region,  the  teag>erature8  should  be  in  the  250®F  or  lower  temperature  range.  It 
{^pears  this  can  be  achieved  with  the  proposed  primary  combustor  liners.  If  the 
teo;>eratures  are  hi^^er  than  desired,  a  small  quantity  of  cold  oxidizer  can  be 
introduced  to  shield  the  area,  as  is  being  done  on  the  face  of  the  fuel  bousing. 

6.  Stress  Model  Development 

Stress-model  development  consists  of  formulating  a  computer  program 
capable  of  analyzing  the  coaplex  shape  of  the  T-section  housing.  Ihis  computer 
program  will  replcuse  the  empirical  methods  currently  being  vised  for  stress  and 
deflection  analyses  of  the  T-sbiqie.  Although  the  empirical  methods  have  produced 
quite  accurate  results,  as  evidenced  in  the  Metal  Model  testing,  a  more  exact 
anavlysis  is  required  for  the  final  flight-weight  housings. 

The  computer  program  for  the  stress  model  of  the  hoxising  is  under¬ 
going  final  checkout.  The  user's  manual  has  been  written,  reviewed,  and  is  being 
reproducea.  The  final  report  on  the  development  is  being  written.  The  conq>uter 
program  is  being  set  vq>  to  analyze  the  photoelastic  model.  The  results  of  this 
analysis  will  be  ccmipared  with  the  final  test  results  of  the  photoelastic  models. 

7.  Fabrication 

The  Inconel  718  forgings  required  for  the  Housing-B  oxidizer 
bousing  were  ordered  on  15  March.  Delivery  is  expected  early  in  May. 
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Housing -A  Jest  Setup 


F  ure  VIII-7 


Housing -A  Test  Tooling 
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jsing-6  Oy*dizer  Housing  Layout 


Figure  VIII -8 
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Limit  Deflections  -  Proof  Test  Conditions 


Location  U  U 

(Fig  Vin-q)  in-  in. 


1 

0.00813 

0.01356 

2 

0.00540 

0.01919 

3 

0.00085 

0.01683 

k 

0.00014 

0.01669 

5 

-0.00008 

0.01671 

6 

-0.00105 

0.01580 

7 

-0.00014 

0.01510 

8 

-0.00228 

0.01462 

9 

-0.00081 

10 

0.00388 

-0.01191 

11 

-0.00007 

-0.00714 

12 

-0.00020 

-0.00689 

13 

-0.00033 

-0.00724 

Ik 

-0.00028 

-0.00725 

15 

0.00017 

-0.00783 

16 

-0.00011 

-0.00743 

17 

0.00144 

-0.00061 

18 

0.00697 

— 

19 

0.00723 

0.00030 

20 

0.00954 

— 

21 

0.00529 

0.00349 

22 

0.00133 

0.01169 

Deflections  of  Housing-B 


Figure  VIII-II 
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Displacements  Under  Max.  Operating  Cond. 


Pressure  Plus 


Pressure 


Location 
(Fig  VIII-13) 

U 

r 

In. 

U 

z 

in. 

u 

r 

in. 

^z 

in. 

1 

-0.00018 

0 

-0.00073 

0 

2 

0.00003 

- 

0.00005 

- 

3 

0.02414 

0.00730 

-0.00009 

0.00087 

k 

0.02555 

0.02179 

-0.00182 

0.00075 

5 

0.03780 

0.00503 

0.00061 

0.00370 

6 

0.03820 

0.02128 

-0.00148 

0.00340 

7 

0.04739 

-0.0133C 

0.00258 

0.00476 

8 

0.04202 

0.01830 

-0.00120 

0.00379 

9 

0,04287 

0.03327 

-0.00030 

0 .00313 

Location 
(Fig  VIII-7) 


A 
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Effective  Stress  lAider  Max  Oper.  Cond;  psi 


Pressure  Plus  Pressure 

Temperature  Only 


-  70,000  80,000 

180,000  30,000 


Housing-B  Turbine  Nozzle  Stresses  and  Deflections  at  Maximum 
Bxpected  Operating  Conditions 


Figure  VIII -12 


Figure  VIII-13 
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Figure  VHI-14 


Temperature  vs  Gas  Velocity 
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IX. 

TURB0PIM»  BEARIXG  DEVELOPMERT 


A.  GEHERAL 

Bearing  developnent  testing  at  )»0,000  rpn  with  II2O4  as  a  lubricant  began 
on  23  February  1966.  Eight  teats  vere  attempted;  significant  data  were  obtained  in 
three  testa.  Althoug'i  no  bearing  problems  vere  encountered,  difficulties  with  the 
nev  tester  design  and  the  new  test  setvtp  prevented  the  attainment  of  Work  Statement 
objectives.  The  severity  of  this  testing  and  the  excellent  post-test  appearance  of 
the  bearing^  indicate  that  the  R2OU  objectives  will  be  achieved  without  further 
difficulties.  On  I6  March  1966,  the  program  was  temporarily  stopped  when  the  hydro¬ 
static  thrust-bearing  collar  of  the  tester  drive  failed.  The  location  of  this  collar 
is  shown  in  Figure  IX-1  of  Report  IO63O-Q-I.  Testing  is  scheduled  to  resume  the 
first  week  of  April. 

B.  BEARIRG  TESTIRG  AT  40,000  RFM  IR  R^O^^ 

Three  significant  tests  were  conducted.  Figure  IX-1  tabulates  steady- 
state  data  points  for  these  tests,  whereas  Figure  IX-2  shows  the  test-bearing  instal¬ 
lation  and  the  parameters.  In  addition  to  these  three  tests,  five  test  attempts  were 
made  which,  however,  did  not  generate  slgniflcatnt  data  because  of  difficulties 
encountered.  These  attanpts  have  been  designated  by  letter  subscripts  to  the  test 
nimtbering  system;  for  example.  Test  1  consisted  of  two  attempts,  la  and  lb,  and  of 
the  significant  test,  Ic.  Instrumentation  difficulties  with  the  recording  of 
rotational  speed  vere  experienced  on  Test  Attempts  la  and  lb.  After  correcting  this 
instrumentation  problem  't  was  determined  on  Test  Ic  that  a  rotational  speed  of 
1(0,000  rpm  could  not  be  attained.  Total  duration  of  this  test  was  197  sec,  with 
about  60  sec  of  operation  each  at  10,000  and  2^,000  rpm.  The  remainder  of  the  dura¬ 
tion  was  in  transient  conditions.  Maximum  speed  obtained  was  26,8^0  rpm.  Axial  and 
radial  test  bearing  loads  vere  1250  and  1(80  lb,  respectively.  The  temperature  rises 
of  the  test  bearings  were  5  to  9®F.  At  shutdown,  the  propellant  flow  to  the  test 
bearings  was  terminated  prior  to  turbine  shutdown.  This  sudden  flow  interruption 
increased  turbine  speed  to  3l(,350  rpm  and  caused  an  axial  load  peak  of  1(110  lb  for 
about  10  sec.  The  outer-race  temperatiure  on  the  test  bearings  Increased  by  about 
60°F.  Post-test  inspection  revealed  no  damage  from  this  no-flov  condition.  The 
HpOr  was  not  filtered  during  the  first  three  tests,  and  dirt  dents  in  the  ball  and 
roller  races  vere  evident;  however,  the  bearings  vere  still  serviceable. 

A  nev  ball-bearing  tandem  set  and  an  aligning  type  roller  bearing  vere 
installed  for  Test  2.  The  roller  bearing  was  Installed  in  the  aligned  position. 

Prior  to  this  test,  the  exit  areas  of  the  two  turbine  noszles  were  increased  and  a 
back  shroud  was  installed  behind  the  turbine  wheel  to  reduce  windage  losses.  No 
difficulty  was  experienced  in  obtaining  1(0,000  rpm.  However,  erratic  recording 
caused  an  overspeed  indication  which,  in  turn,  resulted  in  a  trip  shutdown  after  a 
duration  of  152  sec. 
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IX,  B,  Bearing  Testing  at  U0,000  rpm  in  (cont.) 

The  turbine  speed  trip  setting  was  increased  to  30,000  rpn  for  Test  3. 
Prior  to  this  test,  the  turbine  inlet  pressure  (as  established  in  the  previous  test 
to  obtain  40,000  rpn)  was  set  at  the  turbine  shutoff  valve.  Due  to  a  faulty  regu¬ 
lating  systesi,  this  setting  had  increased  by  the  tiiae  the  turbine  sixpply  valve 
opened.  An  overspeed  exceeding  30,000  rpn  occuiTsd.  The  acceleration  ratio  was 
about  30,000  rpn/sec.  Since  no  significant  data  were  obtained,  this  test  attempt 
was  designated  Attesqpt  3a. 

After  review  of  data  and  examination  of  the  turbine  i^eel.  Test  3b  was 
conducted.  This  test  had  a  duration  of  2l6  see,  with  axial  and  radial  load  peaks 
of  2300  and  9^5  lb,  respectively,  for  10  sec.  The  remainder  of  the  time  was  at 
axial  and  radial  load  settings  of  133C  and  320  lb,  respectively.  The  test  was 
terminated  early  because  of  fluctuating  and  decaying  turbine  supply  pressures. 

Post-test  Inspection  revealed  no  bearing  problems.  However,  one  bearing 
of  the  ball-bearing  set  was  damaged  on  disassembly  (the  puller  groove  broke). 
Consequently,  a  new  tandem  ball-bearing  set  was  installed  with  the  same  aligning 
roller  bearing.  Figure  IX-3  shows  this  ball-bearing  set,  which  had  accrued  a  total 
time  of  six  minutes  and  10  sec.  Figtire  IX-4  shows  the  roller  bearing,  which 
accrued  a  total  time  of  six  minutes  and  20  sec  (four  minutes  of  these  operating 
times  were  at  approximately  40,000  rpm). 

Prior  to  the  next  test  attempt,  the  dome-loading  valve  of  the  turbine- 
spin  regulator  was  replaced  and  a  line  restriction  was  removed.  This  test  attempt, 
designated  Test  3c,  was  terminated  prior  to  rotation  when  the  motor  pumping  the 
oil  lubricant  failed. 

The  hydrostatic  thrust -bearing  collar  of  the  tester  drive  failed  during 
the  next  test  attempt  (Test  3d)  at  33,600  rpm  after  a  duration  of  10  sec.  Figure  IX-3 
illustrates  this  failure.  (The  location  of  this  thrust  bearing  is  shown  in 
Figure  IX-1  of  Report  10830-Q-l.)  This  failure  caused  significant  damage  to  the 
tester  and  resulted  in  a  temporary  suspension  of  the  test  program.  A  spare  tester 
will  be  assembled  with  a  new  thrust  disc,  as  discussed  in  Paragraph  C,  below,  and 
testing  is  planned  to  resume  in  the  first  week  of  April. 

Even  though  Work  Statement  objectives  were  not  yet  met,  the  following 
significant  design  information  was  obtained: 

1.  Operation  without  filters  in  the  N2^4  supply  line  is  feasible 
(with  normal  contamination);  however,  life  would  be  decreased  as  evidenced  by  dirt 
dents  on  the  bearing  races  (Tests  la,  lb,  and  Ic). 

2.  High  axial  load  (4100  lb)  caused  no  problems  during  a  temporary 
flow  interruption  (Test  Ic). 

3.  Acceleration  rates  up  to  30,000  rpm/sec  appear  to  be  attainable 

(Test  3a). 
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IX y  B,  Bearing  Testing  at  U0,000  rfB  in  (eont.) 

k.  Bearing  designs  (tandesi  ball-bearing  set  and  aligning  roller  bearing) 
appear  to  be  capable  of  withstanding  Vork  Statement  loads  and  durations  in  the  aligned 
position  (misaligned  operation  has  not  yet  been  attempted).  Durations  of  orer  six 
minutes  have  been  accrued  on  ball-bearing  R-007  (Figure  IX-3)  and  on  aligning 
Roller  Bearing  R-OOl  (Figure  IX-lt)  at  speeds  up  to  40,000  rim.  Axial  and  radial 
peak  loads  of  2500  and  1000  lb,  respectively,  have  been  applied  for  10  see. 

C.  HYDROSTATIC  THRUST-COLLAR  FAILURE  IHVESTIGATI'XI 

A  second  thrust-collar  disc  failure  occurred  in  the  first  wear-ring 
I(]rdrolab  test  at  3000  rpm.  This  low-speed  failure  demonstrated  that  overspeed  was 
not  the  primaiy  cause  of  the  first  failure.  In  further  checking  of  these  discs  it 
was  found  that  two  new  discs  were  cracked.  These  parts  had  been  made  from  ultra- 
sonically  sound  material,  were  dye-penetrant  inspected,  and  were  certified  sound 
after  eoBq>letion.  All  four  of  these  discs,  purchased  on  the  same  order,  failed  or 
were  cracked  in  the  center  of  the  keyway.  Three  out  of  four  other  new  discs  purchased 
on  an  earlier  order  were  inspected  and  found  free  of  cracks.  The  fotirth  disc  was 
used  for  about  six  hours  at  speeds  up  to  28,000  rpm  during  hydrostatic  combustion-seal 
testing.  During  thi^  testing,  an  axial  rub  was  experienced  on  the  first  test. 
Inspection  of  this  disc  revealed  some  heat-check  cracks  in  the  area  of  the  rub  and 
a  small  hairline  crack  in  the  keyway  comer.  Considering  the  length  of  service, 
the  different  crack  location,  and  the  appearance  of  this  disc,  this  cracking  is  not 
related  to  the  cracking  of  the  disk  purchased  on  a  different  order. 

All  these  discs  were  fabricated  from  440C  material  and  were  heat-treated 
to  a  minimum  Rockwell  hardness  (Rc)  of  3?«  The  ultimate  and  yield  stresses  at  this 
hardness  are  about  230,000  and  200,000  psi,  respectively,  but  the  elongation  is  low 
(about  2)().  Since  the  maximum  calculated  operatir.g  stresses  (without  stress- 
concentration  factors)  were  about  35,000  psi  at  40,000  rpm  and  76,000  psi  at 
30,000  rpm,  it  would  appear  that  the  material  has  more  than  sufficient  strength. 
However,  heat-treating  to  an  elongation  of  only  2!(  may  pose  a  problem  because 
brittle  material  is  prone  to  unpredictable  failures.  From  this  design  consideration 
and  from  the  failure  pattern  established  in  the  four  discs  (two  failed  during  testing 
and  two  cracked  prior  to  installation)  it  is  concluded  (l)  that  the  440C  material 
if  heat-treated  to  a  minimum  hardness  of  Rc  35  could  cause  difficulties  and  (2)  that 
the  four  parts  from  the.-  second  purchase  order  are  of  questionable  quality. 

The  immediate  solution  to/the  problem  was  to  temper  the  three  uncracked 
new  discs  to  hardness  of  about  Rc  4o  to  44,  which  results  in  lower  ultimate  and 
yield  stresses  (about  l80,000  and  150,000  psi,  respectively)  but  Increases  the 
elongation  to  7  or  8!{.  Two  of  these  discs  are  rt'a^  and  will  be  assembled  in  the 
bearing  and  seal  testers.  The  third  disc  will  be  available  soon  and  will  be 
Installed  in  the  wear-ring  tester. 
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IX,  C,  Hydrostatic  Thrust-Collar  Failure  Investigation  (cont.) 


The  ultinate  solution  to  the  cracking  problem  is  the  fabrication  of  new 
parts  from  a  more  ductile  material.  Four  replacement  parts  are  being  fabricated 
from  AM  350  steel  with  chrome-plated  surfaces  and  will  be  completed  in  two  weeks. 
Four  additional  parts  will  be  fabricated  from  AM  355  with  lAf-1  flsme-sprayed 
surfaces  and  will  be  available  in  four  weeks. 
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Figure  IX-1 


Tabulation  of  Steady-State  Data  Points  of  40,000-ipin  Bearing 
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Figure  IX-2 


Schematic  of  Test-Bearing  Installation  Showing  Parameter  Location 
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Figure  IX-4 


Failed  Hydrostatic  Thrust-Bearing  Collar  after  Test  3d 
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X. 


TURBOPUMP  WEAR-RING  PRCX}RAM 


A.  GENERAL 

To  obtain  shaft  axial  thrust  balance  to  allow  relative  growth 

between  the  shaft  and  the  housing  during  operatiou,  the  ARES  punp  impellers  are 
fully  shrouded  and  incorporate  wear  rings  to  restrict  the  internal  leakage  of  the 
pimip.  High-pressure  differentials  exist  across  the  wear  rings,  along  with  high 
surface  velocities.  Because  of  high  pump  discharge  pressures,  running  clearances 
(less  than  0.010  in.)  must  be  close  if  leakage  is  to  be  limited  to  an  amount  con¬ 
sistent  with  pump-efficiency  requirements.  These  close  clearances  must  be 
accommodated  in  the  design  to  prevent  impeller  damage  or  a  catastrophic  failure  if 
impeller  rubbing  occurs. 

The  objectives  of  this  program  are  to  develop  a  wear  ring  that  will 
(1)  satisfactorily  limit  the  pump  internal  leakage  and  (2)  operate  safely  amd 
reliably  at  close  rinning  clearances  in  both  NgO^^  and  AeroZINE  50. 

'’he  results  of  the  seal-design  techniques,  materials  investigations, 
and  concept-tec-ting  programs  will  be  applicable  to  the  advamced  B-turbopump  design 
as  well  as  to  tne  incline  turbopump  design.  The  results  will  adso  be  usable  on 
other  turboptmip  'omponents  such  as  the  inducer  housing,  the  shaft  labyrinth  seals, 
the  axial  thinist  compensator,  and  the  boost  pumps. 

Four  wear-ring  seed  concepts  have  been  selected: 

1.  The  straight-labyrinth  seal, 

2.  The  stepped-labyrinth  seal, 

3.  The  axial  hydrostatic  face  seed,  and 

1*.  The  radial  hydrostatic  Journal  seal. 

Two  approaches  are  being  taken  in  solving  the  weeur-ring  sealing  and 
explosion-hazard  problems.  The  first  approach  is  to  edlow  intermittent  rubbing 
of  the  impeller  wear  ring  on  inert,  compatible  material  inserts;  both  the  straight 
and  stepped-labyrinth  seals  ha^e  been  designed  with  this  philosophy  in  mind.  The 
second  approach  is  to  allow  low-speed  transient  rubbing,  but  to  prevent  high-speed 
contact  by  maintaining  a  fluid  film  between  the  impeller  wear  ring  £ind  the  seal 
itself.  The  axial  and  radial  hydrostatic  seals  are  based  on  this  concept. 

Experience  with  seals  and  bearings,  obtained  on  Contracts  AF  0U(6ll)-85^8, 

AF  04(611)-7U39,  and  AF  01*(6i1)-10T8U,  indicates  that  this  approach  is  feasible 
and  will  result  in  low  euid  repeatable  leakage  flows.  Analysis  and  design  of  the 
selected  concepts  were  discussed  in  Report  10830-Q-2.  Fabrication  on  most  tester 
and  test  hardwenre  was  completed  during  this  report  period,  and  testing  was  initiated. 
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X,  Turbopump  Wear-Ring  Program  (cont.) 


B.  DESIGN 

The  four  vear-ring  concepts  were  examined  to  determine  whether  the 
advanced  B-turbopump  imposed  any  envelope  constraints  on  the  designs.  All  four 
concepts  fit  the  turbopiap  with  a  minimum  of  rework. 

A  detailed  stress  analysis  of  the  oxidizer  impeller  shows  that  the 
v-ear-ring  sealing  surfaces  distort  in  a  conical  fashion  due  to  the  combined  effects 
of  speed  and  pressure.  These  distortions  will  not  materially  affect  operation  of 
the  labyrinth  seal  concepts;  they  will,  however,  have  a  significant  effect  upon  the 
operation  of  the  hydrostatic  wear  rings.  To  utilize  the  hydrostatic  concepts,  it 
will  be  necessary  to  do  two  things: 

1.  Reduce  the  distortion  of  the  running  surfaces  by  design  of  the 
shroud  cross-section. 

2.  Design  the  seal  to  distort  eympathetically  to  the  running  surface 
distortions. 

Additional  analysis  of  these  distortions  is  required. 

G.  FABRICATION 

The  tester  drive  unit  was  assembled.  All  test  hardware  is  now  available 
for  testing  with  the  exception  of  two  of  the  hydrostatic  seals  and  the  Hystl  insert. 
The  two  hydrostatic  seals  were  completed,  but  hsd  chipped  flame-plated  surfaces 
which  required  replating,  requiring  about  one  week.  Problems  were  encountered  in 
the  bonding  of  the  Hystl  insert  to  the  stainless-steel  flange;  efforts  are  conJJinuing 
to  obtain  a  satisfactory  bond. 

D.  TESTING 

1.  Setup 

Figure  X-1  shows  the  wear-ring  tester  as  designed  for  the  1*0,000  rpm 
tests.  For  the  30,000  rpm  hydrotests,  a  geared  electricnnotor  drive  raiit  replaces 
the  turbine  drive  illustrated.  In  addition  to  the  wear-ring  tests  pieces.  Figure  X-1 
shows  the  actuation  cylinders  whereby  the  test  head  may  be  displaced  radially  to 
induce  rubbing  of  the  test  pieces.  Figure  X-2  shows  a  typictd  hydrotest  setup. 

The  inlet  flow,  Q^,  of  high-pressure  water  is  pumped  through  a  5-micron  filter 
and  hence  into  the  test  head  where  it  is  divided  between  the  outboeurd  seal,  Q3, 
and  the  inboard  seal,  Q2.  The  inlet  pressure,  Pj^,  and  the  outlet  pressures,  ?2 
and  P3,  are  monitored  so  that  the  pressure  drops  across  the  seeQs  are  knowr.-  An 
oil-supply  pump  feeds  the  oil-lubricated  bearings  and  the  hydrostatic  thrust-bearing 
collar. 
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X,  D,  Testing  (cont.) 


All  bearing  te^>erature8  as  veil  as  oil  teaperatures  in  and  out  of 
the  tester  are  recorded.  Tester  vibration  is  aonitored  in  tvo  directions.  In  the 
hiydrostatic-seal  test  series,  tbe  shaft  displaceaent  vill  be  deterained.  An  air- 
pressure  supply  is  provided  to  load  the  bearings  in  order  to  Biniaise  skidding 
during  hl^-arceleratlon  tests.  6aseo^ls  nitrogen  is  used  for  purging  to  ainlalxe 
oil  contaaination,  and  for  a  test-head  actuation  to  displace  the  t^t  head  during 
rubbing  tests. 


2.  Test  Results 

The  first  water  test,  conducted  on  18  March  1966,  was  aade  to 
check  out  the  tester  and  the  test  setup,  and  to  verify  the  leakage  rate  of  the 
stepped  labyrinth  at  a  pressure  differential  of  2500  psi  and  varying  speeds.  The 
inlet  pressure  to  the  seals  was  increased  as  planned  to  2500  psi  (0  rpa).  Visual 
inspection  of  the  tester  and  a  check  of  instruaentatlon  shoved  all  paraneters 
working  satisfactorily.  Speed  was  increased  froa  zero  to  2500  rpa,  and  then  to 
5000  rpa.  Speed  van  held  at  5000  rpa  for  2.5  ain  while  the  tester  was  inspected 
and  tbe  instruaentatlon  checked.  The  water  test  bearing  bound  when  tbe  speed  was 
increased,  shearing  the  cot^ling  idiich  connects  tbe  drive  aotor  and  setup  gears 
to  the  wear-ring  tester.  Oisasseably  of  the  tester  indicf.ted  that: 

(l)  the  hyd2t)8tatic  thrust-beaj*ing  collar  had  cz^ked  across  a 
half-area  of  a  diaaetral  section  throu^  one  of  tbe  keyvays.  This  failure  is 
related  to  tbe  first  thnist  collar  failure  as  discxissed  under  bearing  developaent 
(Section  IX). 


(2)  Tbe  aluminum  ring,  which  provides  00  support  to  tbe  Teflon 
cage,  became  lodged  between  the  rollers  and  tbe  outer  race,  causing  tbe  bearing  to 
seize. 


Analysis  of  the  failed  roller  becuring  and  review  of  previous 
experience  with  water-lubricated  bearings  (i.e.,  combustion  seal  hydrotests. 
Contract  AF  0l*(6ll) -10784)  led  to  tbe  following  observations: 

(1)  The  €Lluminuni  ring,  which  provides  00  support  for  the  Teflon 
bearing  cage,  overhangs  the  Teflon  c&ge  into  the  slots  that  guide  the  rollers 
(see  Figure  IX-4  where  these  overhung  sections  are  shown). 

(2)  These  overhung  sections  of  the  sduminum  ring  were  deformed 
(probably  by  a  combined  rolling  and  sliding  action  of  the  rollers)  and  wedged 
between  the  rollers  and  the  outer  race. 

(3)  Roller  end  weju*  occurred  on  both  ends  of  the  roller  but  was 
most  severe  on  the  downstream  side. 

(4)  The  Teflon  cage  shows  a  high  amount  of  burnishing  from  roller 
contact  at  the  pitch  diameter  of  the  cage. 
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X,  D,  Testing  (cont.) 


The  subject  cage  design  vss  coapsred  with  the  30hb  bearing  that 
vas  ms  successfully  during  ccabustion  seal  hydrotesting  for  t  cuaulative  time  of 
6  hr  at  speeds  up  to  28,000  rpa.  It  vas  found  that  the  30-ai  bearing  cages  had 
about  twice  the  roller  and  land  clearances  that  the  UO-esi  bearing  bad;  the  cage 
clearances  for  the  two  bearings  are: 


Cage  Clearance,  in. 

30-eai  Bearing 

bO-mm  Bearing 

Land 

0.035  to  O.OUO 

0.015  to  0.020 

Roller  axial 

0.035  to  0.0l»C 

0.015  to  0.020 

Roller  diametral 

0.035  to  O.CAO 

0.015  to  0.020 

Froa  the  facts  seated  above,  the  following  conclusions  were  drawn: 

(1)  Flow  through  the  bearing  causes  sufficient  end  contact  between 
the  roljer  and  the  guiding-race  land  to  moaentarily  skew  and  stop  the  rollers,  which 
results  in  the  spring  rollers  forcing  the  cage  into  the  sliding  rollers  (Figure  X-3). 
It  should  be  noted  that  this  type  of  action  is  probably  always  present,  but  its 
effect  enn  be  diminished  by  (a)  lower  through  flows,  (b)  better  lubrication  (e.g., 
HgOj^),  and  (c)  large  roller-to-cage  clearances. 

(2)  The  novenent  of  the  ca,^^  into  the  skewed  and  sliding  rollers 
causes  the  overhung  parts  of  the  aluminisn  ca:;e  shroud  to  initially  contact  either 
the  roller  or  the  outer  race,  and  ultimately  hrrth. 

(3)  This  contact  progressively  deforms  the  shroud  in  the  direction 
of  rotation  until  the  aluminum  is  Jammed  between  the  roller  euid  the  outer  race, 
causing  seisire  of  the  bearing  (Fig\ire  X-3). 

The  most  reliable  corrective  action  would  be  to  replace  the  present 
cage  \fith  a  cage  of  revised  design  having  thicker  webs  and  .  reesed  roller-to-cage 
clearances  as  proven  on  Contr€u:t  AF  0U(6ll) -10830  (25,000-rpr  ge-development  tests; 
see  Report  10830-Q-2  for  discixssion  and  photographs).  These  parts  are  now  in 
fabrication  and  are  due  28  April  1966. 

Because  of  the  long  leeid  time  required  for  the  revised  cages,  the 
ionediate  approach  will  be  to  mill-off  the  aluminum  overhang.  To  ensure  adequate 
support  between  the  aluminum  shroud  and  the  Teflon  cage,  rivets  will  be  added  through 
each  web  (the  part  now  has  three  rivets  equally  spaced).  Provisions  will  be  made  to 
ensure  that  the  major  portion  of  the  flow  goes  around  the  bearing  instead  of  through 
it;  this  will  reduce  roller-end  wear.  Testing  will  be  resumed  in  mid-April. 
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X,  D,  Testing  (cont.) 


3.  Pete 

The  first  test  was  conducted  with  stepped  labyrinths.  The  labyrinth 
parts  were  nade  of  steel  since  no  rubbing  was  intended.  The  outboard  seal  had 
diametral  and  axial  clearance  of  0.0195  and  0.050  in.,  respectively.  The  outboard 
flow  rate  was  53.8  gpn  at  a  differential  pressure  of  2310  psi.  The  Inboard  seal  had 
diametral  and  axial  clearances  of  0.011  and  0.050  in.,  respectively,  and  the  inboard 
flow  rate  was  35.8  gpm  at  a  differential  pressure  of  2350  psi.  As  anticipated,  speed 
had  no  effect  on  flow  rate. 

U.  Data  Analysis 

The  calculated  flow  rates  were  based  upon  the  orifice  equation  and 
assume  that  the  labyr'ath  steps  prevent  any  carryover  of  velocity  from  one  tooth  to 
the  other.  The  equation  used  and  a  sample  calculation  are  presented  in  Figure  X-^. 

For  the  Inboard  labyrinth,  the  calculated  flow  is  35.3  gpm  at 
2350  psi  (Figure  X-k);  since  the  actual  flow  was  35.8  gpm,  the  correlation  is 
excellent . 


For  the  outboard  labyrinth,  a  similar  calculation  yields  6l.7  gpm 
at  2310  psi.  Since  the  actual  flow  measured  was  53.8  gpm,  the  overall  resistsmce  to 
flow  is  greater  than  assumed.  This  increased  resistance  is  most  likely  derived  from 
the  restrictions  formed  by  the  steps  and/or  the  turning  losses  caused  by  the  steps. 
This  factor  is  designated  as  K  in  Figure  X-U.  It  is  expected  that  subsequent  tests 
and  further  data  analysis  will  clarify  this  point. 

Using  the  data  obtained  on  Test  1,  it  is  possible  to  check  the 
predicted  leakage  rate  (Figure  VI -7)  for  the  ARES  oxidizer  pump  when  stepped 
labyrinths  are  used.  This  check  is  c€u*ried  out  in  Figure  X-5;  it  is  seen  that  for 
the  case  of  small  clearances,  i.e.,  0.007  in.  radied  (O.OlU  in.  diametral),  the 
flows  check  very  well:  96  gpm  predicted  versus  99  gpm  for  corrected  hydrotest  data. 
For  larger  clearemces,  i.e.,  0.015  in.  radial  (0.030  in.  diametral),  the  corrected 
hydrotest  data  give  somewhat  lower  flows  than  predicted:  I80  versus  206  gpm. 
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Figure  X-1 


Water  Test  Bearing 
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Saaqple  Cedculatlcm  of  Leakage  Rates  Through  Stepped  Labyrinth.  The  orifice 
equation  as  applied  to  a  labyrinth  is: 

Q  =  X  0.26 

where: 

Q  =  flow  rate,  gun 

2 

A  =  Annular  area  of  labyrinth,  in. 

Cjj  =  Discharge  coefficient 

2 

g  =  gravitational  constant,  in. /sec 

Y  =  fluid  density,  Ib/in.^ 

P  =  differential  pressure  across  the  labyrinth,  psi 

N  =  number  of  labyrinth  teeth  =  5  (both  inboard  and  outboard) 

q 

0.26  =  conversion  constant  from  flow  rate  in  in.^sec  to  flow  rate 
in  gpm 

k  =  geometry  factor  -  assumed  to  be  equal  to  1.0  until  test  data 
obtained 

The  annular  area,  A,  has  been  taken  to  be  the  average  of  the  five  teeth,  and 
is  for  the  inboard  labyrinth 


V  X  3*750  X  0.011  „  .  2 

A  =  irDh  =  - -  =  0.065  in.*^ 


where : 


D  =  annulus  diameter,  in. 

h  =  radial  clearance,  (diametral  clearance/2)  in. 

The  discharge  coefficient,  depends  upon  the  shape  of  the  tooth.  For  the 
test  labyrinth,  the  teeth  were  ground  to  final  dimension  and  should  have  a  dis¬ 
charge  coefficient  of  about  0.66.  (Reference  X-lb). 

Hence,  for  the  inboard  labyrinth 

Q  =  0.065  X  0.6^^^^q|^-  X  X  0.26 

Q  =  35*3  gpm  @  2350  psi 


Sample  Calculation  of  Leakage  Rate  through  the  Stepped  Labyrinth 
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XI. 


TPA  SEAL  DF/ELORffiNT 


A.  GENERAL 

1.  Background 

The  ARES  engine,  in  \diich  a  single  turbine  drives  both  the  fuel 
and  the  oxidizer  pumps,  requires  a  seal  to  separate  the  flows  of  fuel  and  oxidizer. 
Two  sealing  concepts  are  being  developed:  (a)  uhe  hydrostatic  combustion  seal 
(Figure  XI-l)  wherein  fuel  is  allowed  to  leauc  at  a  regulated  rate  into  the  rxidizer- 
rich  combustion  gases  downstream  of  the  turbine,  and  (b)  the  purge  seal  (Figure  ''1-2) 
in  irtiich  an  inert  fluid  is  introduced  as  the  barrier  between  the  fuel  and  the 
oxidizer-rich  combustion  gases. 

The  hydrostatic  combustion  seal  was  designed  and  its  feaisibility 
established  on  Contract  AF  0U(6ll)-10781»,  "Hydrostatic  Combustion  Seal  Feasibility 
Demonstration  Program."  Details  of  this  program  are  presented  in  t’  .  final  report.* 

Work  completed  on  Contract  AF  Olt(6ll)-1078U  included  the  following: 

a.  Design  of  a  hydrostatic  combustion  seal. 

b.  Fabrication  of  test  hardware  for  testing  in  water. 

c.  Design  and  fabrication  of  testers  for  use  in  water  (Hydrolab) 

and  hot  tests. 

d.  Design  of  a  preburner  suid  burnoff  stack  for  hot  testing. 

e.  Hydrolab  seal  tests  under  reduced  pressures  and  at  speeds  up 

to  30,000  rpm. 

f.  Combustion  tests  at  reduced  pressures,  of  a  small  segment  of 
the  seal  (2D  tests.  Figure  XI -3)  using  a  tester  with  a  quartz  window  to  permit 
motion-picture  recordings  of  the  ccmbustion  pattern. 

Test  results  from  Contract  AF  0l*(6ll) -10784  established  the 

following: 


a.  Hydrolab  Tests 

(l)  The  seal  cem  be  successfully  operated  at  a  clearance 
of  0.0009  in.,  at  speeds  up  to  28,000  rpm. 


*AeroJet-Ge'  ei'  i  Report  10784-F,  "Hydrostatic  Combustion  Seal  Demonstration 
Feasibility  Program,"  Final  Progress  Report,  presently  being  reviewed  by  the 
Air  Force. 
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XI,  A,  General  (cont.) 


(c)  (2)  Flow  from  the  seal  is  predictable  (0.32l»  Ib/sec 

of  fuel  to  combustion  and  0.605  Ib/sec  inward  to  the  bearing  cavity),  and  rotative 
speed  produces  negligible  changer  in  floi'. 

(u)  (3)  The  seal  will  follow  an  axial  runout  of  the  shaft 

face  of  0.0025  in.  without  damage. 


(u)  (li)  Rubbing  actually  experienced  during  start  and  stop 
transients  does  not  abrade  the  sealing  si.trfaces. 


the  fuel. 


(u)  (5)  When  static,  the  seal  will  positively  shut  off 


b.  2D  Combustion  Tests 

(u)  (l)  The  combustion  and  cooling  concepts  were  demonstrated 

repeatedly  without  damage  to  the  seal  surff  ^es . 

(u)  (2)  At  design  mixture  ratios,  the  seed  surface  temper¬ 

atures  will  remain  within  design  limits. 

(u)  (3)  The  design  of  the  seal  provides  oxidizer  coolant 

in  adequate  quantities  euid  at  the  proper  location  tc  prevent  dameu^fe  to  the  hardware. 

(c)  (1*)  The  ccsnbustion  pattern  maintains  a  smedl  flame  over 

the  bumoff  area,  adequately  isolated  from  the  adjacent  surface. 

(u)  (5)  The  seal  has  survived  combustion  at  rates  and 

mixture  ratios  substantially  more  severe  than  design  values  without  surface  damage. 

2.  Summary 

(u)  The  findings  outlined  above  indicate  that  this  sealing  con¬ 
cept  has  high  potential  for  meeting  ARES  requirements.  Consequently,  the  hydro¬ 
static  combustion  seal  concept  will  be  investigated  under  the  ARES  contract  in 
the  following  test  program: 

a.  Two-Dimensional  {2D)  Tests 

(u)  These  tests  are  an  extension  of  the  2D  tests  completed 
on  Contract  AF  0l»(6ll)-1078U,  and  will  consist  of  tests  of  a  sead  segment  exactly 
duplicating  the  ARES  seal  cross-section  (with  reduced  fuel  gap),  so  that  the 
effect  of  variations  in  flow,  possible  dimensional  changes  frcsn  distortion,  and 
slight  transient  malfunctions  can  be  examined.  The  comparatively  low  cost  of  2D 
tests,  the  much  less  expensive  hardware,  and  the  possibility  of  photographic 
coverage  during  testing  enhance  this  approach.  It  is  desirable  that  information 
from  these  tests  be  gained  before  hot  rotating  seal  tests  be  started. 
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b .  Prebumer  Checkout 

This  effort,  ^ich  consists  of  testing  the  test  facility 
and  the  prebumer  gas  generator  has  been  coiiq;>leted . 

c.  Cold  AeroZINE  50  Tests 

These  tests,  in  ^ich  the  tester  is  operated  in  AeroZINE  50 
without  combustion,  will  provide  data  necessary  before  hot  testing  is  started.  Two 
testf.  have  been  completed. 

d.  Hot  Rotating  Tests 

These  tests  are  made  under  conditions  simulating  those  of  the 
ARES  engine,  with  the  goal  of  successful  operation  for  60  sec. 

An  additional  effort  on  the  ARES  program  is  the  design,  fabrication, 
and  tcs''.ing  of  a  purge  seal  under  conditions  simulating  those  of  the  ARES  engine. 

Work  completed  during  this  reporting  period  includes: 

a.  The  design  and  fabrication  of  2D  test  segments, 

b.  The  installation  and  checkout  of  the  burnoff  stack, 

c.  Seven  preburner  tests, 

d.  Two  cold  seaJ.  tests  with  AeroZINE  50  and 

e.  The  design  of  a  purge  seal  and  tester. 

B.  TWO  DIMENSIONAL  (2D)  SEAL  TESTS 

Seal  segments  were  designed  and  fabricated  which  duplicate  the  fined 
profile  of  the  hydrostatic  combustion  seal  (Figxire  IX-4).  The  formation  of  a 
0.001-in. -wide  slot  for  fuel  admission  presented  the  greatest  technical  problem. 

A  shim,  0.001  in.  thick,  was  diffusion-bonded  between  two  halves  of  the  seal  segment, 
with  a  portion  of  the  shim  cut  away  tc  form  the  fuel  slot.  Tests  with  this  segment 
will  be  described  in  the  next  quarterly  report. 

C.  HYDROSTATIC  COMBUSTION  SEAL 
1.  Preburner  Checkout 


a.  Equipment  ' 

The  preburner  is  used  to  generate  oxidizer-rich  gas  at  con¬ 
ditions  simulating  those  of  the  ARES  engine  turbine  discharge.  The  preburner  is 
mounted  on  the  test  chamber  (Figure  XI-5)  so  that  the  hot  gas  is  directed  toward 
the  seal.  Pressure  within  the  tester  is  controlled  by  means  of  an  orifice  in 
the  chamber  discharge. 
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XI,  C,  Hydrostatic  Combustion  Seal  (cont.) 


(u)  The  prebumer  injector  head  (Figure  XI-6)  consists  of 
four  coaxial  injectors.  Fuel  emerges  in  a  conical  swirl,  and  is  formed  into  dis¬ 
crete  streams  by  grooves  cut  in  the  face  of  the  exit  cone.  Oxidizer  is  admitted 
through  an  annulus  around  the  fuel  cone;  the  fuel  impinges  on,  and  penetrates,  the 
oxidizer  stream,  which  provides  a  well -mixed  combustion  zone. 

b.  Installation 

(u)  Tfie  tester  and  prebumer  were  installed  on  Test  Stand  H-1 
as  shown  in  the  flow  diagram  (Figure  XI-T). 

c.  Tests 

Seven  tests  were  conducted: 

(u)  (l)  Test  1  was  performed  to  determine  oxidizer-fill  and 

ramping  conditions  and  to  check  calibration  of  the  Fox  cavit::ting  venturi  meter. 

An  orifice  was  installed  in  the  injector  inlet  to  simulate  chamber  pressure.  Ramp 
(rapid  pressure  increase)  was  accomplished  in  0.7  sec.  All  parameters  were  met. 

The  cavitating-venturi  flow  was  found  to  be  lower  than  vendor  data  indicated,  and 
data  from  this  teat  were  used  to  correct  the  venturi  setting. 

(u)  (2)  Test  2  was  conducted  to  determine  fuel  fill  and 

rasping  conditions  and  to  check  calibration  of  the  Fox  cavitating  venturi  meter. 

An  orifice  was  installed  in  the  fuel  line  to  simixlate  chamber  and  injector  pressiires. 
Fuel  was  discharged  to  a  catch  tank.  A  leak  in  the  fuel  line  required  that  the  test 
be  repeated. 


(u)  (3)  Test  3  duplicated  Test  2.  Ramping  was  accomplished 

in  0.7  sec.  All  test  objectives  were  attained.  The  cavitating-venturi  flow  was 
found  to  be  lU/l>  lover  than  vendor  data  indicated. 

(c)  (U)  Test  U,  the  first  hot  test,  was  started  at  600  psi 

(fuel  and  oxidizer  supply)  and  ramped  to  operating  conditions  in  0.7  sec.  Run  dura¬ 
tion  was  U  sec.  All  parameters  were  met,  except  chamber  pressure  which  was  3600 
instead  of  3100  psi.  Preburner  temperatures  averaged  1125®F  and  were  purposely 
conservative.  Figure  XI-5  indicates  the  location  of  the  cest  instrumentation. 
Posttest  examination  of  hardware  revealed  no  damage. 

(c)  (5)  Test  5  was  intended  for  a  duration  of  10  sec  at  a 

start  pressure  of  300  psi,  with  the  chamber  outlet  orifice  and  the  mixture  ratio 
adjusted  for  target  conditions  of  3100  psig  at  1175®F.  An  incorrectly  set  tempera¬ 
ture  limit  caused  a  premature  shutdown. 


Page  XI-1* 

CONFIDENTIAL 


CONFidENTUL 

Report  1083&-Q-3 


XI,  C,  Bjrdrortetic  CoBbustlon  Seal  (coct.) 


(u)  (6)  Test  6  vmi  rus  iasedistelj  after  the  aalfusctloa  oe 

Test  3  vas  corrected.  The  test  vas  eoacliued  after  full  duratioD.  Cbaaber  pressure 
and  tcBperature  vere  low  (2000  pal  and  600*^),  as  was  fuel  flow.  After  the  test,  a 
sbaTin^  of  aetal  vas  found  to  have  lodged  in  the  fuel  cawitatinf  venturi ,  reducing 
the  flow.  Altbou^  expected  operating  conditions  were  not  reached,  it  vas  estab¬ 
lished  that  the  starting  pressure  of  300  psi  caused  no  probless.  Therefore,  this 
test  vas  not  repeated. 


(c)  (7)  Test  7  vas  started  at  60  psi,  raaping  in  0.7  sec  to 

full  test  conditions  of  3100  psi  and  1175'*F«  and  iMted  for  a  duration  of  13  sec. 
All  paumaeters  vere  net  or  exceeded  (3200  psi  and  1300^).  Figure  XI -8  depicts 
operating  conditions  versus  tine.  Posttest  exsnination  of  hardware  revealed  no 
danage.  This  test  concluded  the  prebiu^er  checkout  series. 

d.  Test  Results 

(u)  The  specific  objectives  of  the  prebumer  tests  vere  to 
check  out  operating  equlpnent  and  to  sinulate  engine  pressure  rises  as  closely  as 
possible. 


(u)  All  eqiilpnent  functioned  properly  during  the  conbustion 
tests.  On  Test  3*  the  ^ility  of  the  conputer  to  shut  down  the  test  during  a  rapid 
tenperature  rise  vas  daK>nstrated.  The  theoretical  engine  start  pressure  transient 
vas  closely  duplicated.  Figure  XI -9  conpares  the  anticipated  engine  startup 
pressxire  with  the  actual  pressture  rite  of  Test  7.  If  desired,  the  cos^juter- 
ccntrolled  rasping -rate  used  in  the  test  area  can  be  adjusted  and  raaq>  time  decreased 
to  match  sore  closely  the  theoretical  rise  rate. 

(c)  The  ability  of  the  prebumer  to  function  properly  at  the 
engine  nosinal  fill  pressure  (60  psi)  vas  desonstrated . 

(u)  The  data  derived  frcsB  the  prebumer  tests  vill  permit 
seal  hot  rotating  tests  mder  conditions  closely  simulating  those  of  the  ARES  engine; 
therefore,  test  data  derived  vill  be  directly  applicable  to  the  ARES  engine  design. 

2.  Cold  Tests  in  AeroZIWE  30 

(u)  This  series  of  tests  is  designed  to  investigate  fill  time, 
seal  flow,  acceleration  and  deceleration  characteristics  of  the  seal  tester,  and  to 
study  the  fuel  flow  rates  while  operating  at  speeds  and  flows  simulating  those  to 
be  expected  in  the  'aRES  engine. 

(u)  The  tester  (Figure  XI-IO)  is  the  sam^i  as  used  for  hot  testing 
except  for  the  internal  shielding  and  combustion-gas  velocity  control  equipnent. 
Installation  is  in  accordance  with  the  flow  diagram  (Figure  XI-11).  Since  com¬ 
bustion  gas  is  not  used  in  these  tests,  pressurization  is  accomplished  by  gaseous 
nitrogen.  AeroZIRE  30  is  separated  from  the  gas  in  a  high-pressure  float-actuated 
commercial  separator.  All  '-ows  are  monitored. 


Page  XI-5 

CONFIDENTIAL 


CCNFIDENTiAL 

Report  IO83O-Q-3 


XI«  C,  Hydrostatic  Ccaioustion  Seal  'cent.) 


The  test  objectives  arc:  (a)  detemine  fill  tices  and  pressurization 
rates,  and  sonitor  flows  and  duplicate  as  nearly  as  possible  engine  start  and  stop 
transients  with  seals  under  various  flows,  face  pressures,  and  differential  pressiures. 

Two  cold  tests  with  AeroZIlTE  50  were  conducted.  Before  rotating 
tests  could  be  conducted,  the  chasber  pressturi zing  rate  and  the  labyrinth  flow 
coefficient  had  to  be  deterained  to  obtain  a  correct  pressure  setting  of  the  seal 
inside  cavity. 


Test  1  vas  conducted  .-'ithout  rotation,  at  a  fuel  pressure  of 
3000  psi,  for  a  diu^tion  of  1*5  sec.  To  avoid  pressurizing  the  convex  side  of  the 
seal  bellows  during  transient  tests,  it  was  necessary  to  determine  the  chamber 
pressurizing  rate.  It  vas  also  necessary  to  determine  the  tester  labyrinth  dis¬ 
charge  coefficient  so  that  pressures  within  the  seal  can  be  maintained  at  2800  to 
2900  psi.  Pressurizing  rates,  flow  .ates,  and  system  performance  were  determined, 
but  the  data  were  inadequate  for  establishing  the  proper  seal  internal  pressure  at 
the  tester  labyrinth. 


Test  2  vas  conducted  to  obtain  data  for  determining  the  tester 
lalyrinth  flow  coefficient.  Test  duration  was  1»5  aec,  and  all  parameters  were 
reached.  From  the  data  obtained,  the  labyrinth  flow  coefficient  (1C  )  was  deter¬ 
mined  to  be  1.73 


Plow,  in.ysec 


^  Differential  Pressure,  psi 


). 


Posttest  examination  of  hardware  revealed  that  the  bellows  between 
the  seal  face  and  the  seal  flange  had  failed  at  the  weld  to  the  seal  flange. 


Data  from  Tests  1  and  2  indicate  that  the  seal  functioned  normally 
throughout  Test  1  and  until  the  end  of  Test  2.  When  the  chamber  pressure  in  Test  2 
was  decreased,  seal  flow  increased  disproportionately,  indicating  that  failure 
occurred  at  that  instant.  Anedysis  of  Test  1  revealed  a  brief  pressure  reversal 
of  about  200  psi  which  occurred  during  shutdown.  This  was  sufficient  to  initiate  a 
failure  at  the  Junction  of  the  bellows  to  the  seal.  Although  test  data  show  that 
failure  did  not  actually  occur  until  the  end  of  Test  2,  it  is  felt  that  the  pressure 
reversal  contributed  to  the  failure,  which  was  found  to  be  along  the  weld  between 
the  bellows  suid  the  seal  flange.  The  failed  part  was  returned  to  the  vendor  for 
analysis  and  reconmendations .  The  bellows  failure  indicates  that  proof  eind  leak 
tests  are  not  sufficient  to  ensure  reliability  and  that  corrective  action  is  necessary. 


Corrective  action  includes  the  following: 


a.  All  test  seals  will  be  given  a  mass-spectrometer  leak  test. 


b.  The  possibility  of  redesigning  the  bellows  attachment  is  being 
studied  to  place  the  Joint  within  the  internal  circumference  of  the  seal  rather  than 
along  the  faces  of  the  mating  parts.  This  will  reduce  weld  stress  and  facilitate 
inspection  of  the  weld. 
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c.  The  des.rabllity  of  and  the  problems  resulting  from  increasing 
the  thickness  of  the  bellows  at  ^he  attachment  point  are  being  studied. 

d.  The  use  of  concentric  double  bellows  is  being  investigated. 

e.  The  use  of  heat-treatable  parts,  with  heat  treat  after 
assembly,  is  being  studied. 

A  detailed  discussion  will  be  given  in  the  next  quarterly  report. 

D.  PURGE  SEAL 

The  design  of  the  purge  seal  was  completed.  The  purge  seal  (Figure  XI-2) 
is  similar  to  the  hydrostatic  combustion  seal  because  a  purge  fluid  (instead  of  fuel) 
is  introduced  at  high  pressure  into  six  orificed  pockets.  The  seal  dimensions  were 
selected  to  give  an  optimm  balance  of  minimum  flow  rate  without  excessive  t&.pera- 
ture  rise  of  the  purge  fluid,  due  to  viscous  friction.  For  the  fluid  selected 
(PR  IU3-AB),  the  optimum  width  of  the  seal  land  is  about  0.1  in.  which  results  in  a 
fluid  temperature  rise  of  about  U50‘’F  at  a  total  flowrate  of  0.26  gpm.  This  tempera¬ 
ture  rise  and  flowrate  correspond  to  a  seal  running  clearance  of  approximately 
0.0006  in.  Heat-transfer  and  distortion  studies  were  made  which  show  this  running 
clearance  is  feasible  if  the  seal  face  is  fabricated  from  a  material  having  a  low 
coefficient  of  thermal  expansion  (e.g..  Invar).  The  face  smd  the  inside  (bore)  of 
the  seal  will  be  coated  with  a  hard  material  to  prevent  galling  caused  by  rubbing 
and  foreign  particles  carried  in  the  purge  fluid.  Three-piece  piston-ring  type 
seals  were  designed  for  use  as  secondary  seals  in  this  application  (these  seals 
are  subjected  to  axial  motion  only)  because  minimum  leakage  is  desirable.  The 
stability  aspects  of  the  seal  have  been  investigated  to  ensure  that  the  seal  will 
not  be  excited  into  axial  vibration  by  wobble  of  the  rotating  ring.  The  natural 
frequency  of  axisd  vibration  is  53**,000  cpm  or  thirteen  times  the  shaft  speed;  there¬ 
fore  the  seal  csinnot  be  excited  by  the  shaft  rotation  frequence.  In  addition,  viscous 
damping  due  to  squeeze-film  effects  and  friction  damping  caused  by  the  piston-ring 
secondary  seeds  ensure  a  stable  system. 

At  the  expected  design  flowrate  of  0.26  gpm  of  purge  fluid  (PR  ll+3  AB) , 
the  weight  of  purge  fluid  plus  spherical  pressure-vessel  container  of  a  size 
required  for  a  3-min  run  duration  is  about  17  lb.  This  weight  does  not  include 
valves,  lines,  and  other  auxiliary  equipment  that  may  be  required. 
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2D  Test-Segment  Concept 
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Hydrostatic  Combustion-Seal  Tester,  Preburner  Checkout 


Oxidizer  St^jply 
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Flow  Diagram — Preburner  (Gas  Generator)  and  Burnoff  Stack  Checkout  Tests 
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Gas-Generator  Performance  vs  Time,  Test  1 .2-02-WAM-007  (u) 


Chamber  Pressure  vs  Time  (u) 
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Flow  Diagram,  Rotating  Fuel-Calibration  Tests,  ARES  Hydrostatic 
Combustion  Seal  Program 
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XII. 

SUCTION  VALVES 


A.  GENERAL 

1.  Function 


The  suction  valves  control  the  flow  of  fuel  and  ouidizer  from  the 
propellant  tanks  to  the  main  pump  inlets  of  the  en«;ine  module.  The  valves  are  used 
for  positive  propellant  shutoff  and  are  actuated  in  sequence  du.-ing  start  and  shutdown 
of  the  module.  The  use  of  metal  diaphragm  seals  in  these  suctijn  valves  ensures  zero 
leakage  during  long-term  storage. 

2.  Design  Philosophy 

The  suction  valves  are  of  the  segmented-ball  type  to  provide  a 
spherical-seat  poppet  seal.  The  segmented-hall  gate  lifts  off  the  seal  and  rotates 
completely  out  of  the  flow  path  in  the  fully  open  position.  Since  there  is  no  shaft 
across  the  valve  flow  p^sage,  flow  to  the  main  pump  inlets  is  smooth  and  uninterrupted. 
The  fuel  and  oxidizer  valves  are  alike  in  size  and  design;  only  the  oxidizer  valve  has 
a  housing  adapter  to  account  for  differences  in  fuel  and  oxidizer  pump  housing 
interfaces . 


3.  Progress 

Fabrication  of  detail  parts  for  two  experimental  suction  valves, 
Figure  XII-1,  is  continuing.  Assembly  of  a  suction  valve  for  test  and  development 
is  expected  in  April.  Several  housing  castings  for  the  experimental  valves  have 
been  received  from  Aerojet's  foundry  and  have  been  satisfactorily  hydrotested 
prior  to  being  finish-machined.  Several  preliminary  design  concepts  of  a  prototype 
suction  valve  were  studied  in  an  effort  to  reduce  their  weight  and  to  provide  for 
ease  of  assembly.  A  design  was  selected  for  fabrication  (Figure  XII-2),  emd  a 
concerted  effort  is  being  made  toward  producing  detail  drawings.  Release  of  this 
prototype  design  is  expected  by  15  April  1966.  All  detail  parts  necessary  for 
adapting  a  hydraulic-cylinder  rack-and-pinion  type  rotary  actuator  to  the  suction 
valve  have  been  prepared.  Electro-hydraulic  valves  were  flow-tested  and  calibrated, 
and  an  electrical  control  circuit  has  been  designed. 

B.  DESIGN 

1.  Description 

The  prototype  design  substamtially  reduces  the  weight  of  the 
suction  valve,  to  within  the  weight -requirement  range  for  flight  hardware. 

The  valve  gate  is  operated  and  controlled  by  the  interaction  of 
two  sets  of  slotted  cams.  One  cam  set  is  rotated  by  the  actuator  and  the  other 
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is  stationary  in  the  body.  The  cao  followers  are  attached  to  the  valve  gate.  The 
interaction  between  the  caois  forces  the  caa  follower  and  the  valve-gate  assembly 
to  move  down,  to  shear  the  diaphraa  seal,  and  then  to  rotate  completely  out  of  the 
fluid  flow  path.  On  the  closing  (^cle,  this  same  cam  interaction  causes  the  valve 
gate  to  move  to  the  closed  position  and  to  seat  on  the  operational  seal.  Final 
closure  is  similar  to  the  motion  of  a  poppet  valve. 

A  working  layout  of  the  lightweight  suction  valve  is  10%  completed; 
detail  drawings  are  '>0%  completed. 

2 .  Stress 


A  stress  analysis  and  review  on  the  experimental  suction  valve  was 
completed.  Hydrotisting  of  valve  housings  was  completed;  all  housings  were  found 
to  be  satisfactory. 

A  stress  analysis  is  underway  on  the  prototype  design,  and  close 
liaison  is  being  maintained  between  design  and  stress-analysis  personnel  to  ensure 
that  detail  drawings  comply  with  the  findings. 
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XIII. 

FLOW-COHTROL  VALVES 


A.  GENERAL 

The  pxirpose  of  the  primary  and  secondary  combustor  fuel-flow  control 
valTes  (PCFCV  and  SCFCV,  respectively)  is  to  control  the  fluid  flow  to  these 
combustors  during  all  phases  of  module  operation.  Preliminary  digital-computer 
analyses  of  module  perfomance  indicated  the  necessity  for  closely  coordinating 
the  operation  of  the  PCFCV  and  SCFCV,  particularly  during  module  startup  and  shutdown. 
A  reliability  study  was  completed  ^ich  compared  the  cost  versus  a  number  of  tests 
for  four  different  conditions:  no  interlock,  and  mechanical,  hydraulic,  and  elec¬ 
trical  interlock.  The  choice  of  the  type  of  interlock  is  being  considered. 

B.  PRIMARY  COMBUSTOR  FUEL-CONTROL  VALVE  (PCFCV) 

1.  Design 

The  valve  actuator  chosen  for  initial  testing  will  be  an 
Aerojet-laboratory  furnished  linear  electrohydraulic  servoactuator.  The 
proposed  module-valve  configxiration  and  the  proposed  test  valve  are  shoim  in 
Figure  XIII-1  and  -2,  respectively. 

2.  Fabrication 

Fabrication  of  two  experimental  test  units  was  completed;  the 
units  were  delivered  to  the  frequencing  laboratory  for  testing. 

3.  Test 

The  test  setup  for  performing  torque  leak  tests  at  a  system  pressure 
of  6000  psi  was  ccaipleted,  and  tests  of  the  first  valve  were  initiated.  The  high- 
pressure  torque  tests  demonstrated  the  functional  integrity  of  the  vedve  for  use  in 
the  intensifier  tests  of  the  primary  combustor:  the  valve  operated  without  binding 
at  a  differential  pressure  of  6200  psi.  During  leakage  tests,  the  leakage  was 
1030  cm^  of  water  in  10  sec,  which  corresponds  to  a  water  flow  rate  of  0.227  Ib/sec. 
The  system  pressure  measured  at  the  valve  inlet  was  5630  psi.  This  low  leakage  is 
a  significant  indication  that  the  valve  can  be  used  for  effective  module  shutdown. 

Flow  testing  of  two  valves  was  initiated.  The  flow- factor  versus 
valve-position  characteristics  of  both  valves  coincided  with  the  calculated 
performance  beyond  the  engine  steady-state  operating  flow  factor  (K^)  of  the  valve. 

The  operating  of  the  vedve  occurred  at  67)1  of  fully  open  position.  Above 
70%,  the  first  test  valve  indicated  that  flow  saturation  occurred  (see  Figure  XIII-3). 
An  investigation  disclosed  that  a  choke  was  inadvertently  caused  by  insufficient 
machining  and  cleaning  at  the  meeting  point  of  two  drilled  flow  passages.  Another 
oboke  was  found  in  the  annular  flow  area  surrounding  the  inlet  to  the  valve-orifice 
ports.  These  chokes  have  been  removed.  Figure  XIII-3  shows  the  improvement  above 
70^  of  stroke  after  partial  modification. 
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The  exit  passage  in  the  valve  has  been  enlarged  to  eliminate 
another  possible  choke  and  to  extend  the  range  of  the  valve.  As  a  result,  it 
is  expected  that  che  actual  K  values  will  satisfactorily  meet  the  calculated 
performance. 

C.  SECONDARY  COMBUSTOR  FUEL-CONTROL  VALVE  (SCFCV) 

1.  Design 

The  SCFCV  has  been  designed  to  provide  a  flow-factor  versus  valve- 
position  characteristic  complying  with  the  startup  and  shutdown  transient  require¬ 
ments  of  the  digital  computer  model  of  the  module.  Provisions  were  made  for 
interlocking  the  SCFCV  with  the  PCFCV.  The  precision  flow-control  orifices  ensure 
a  closely  repeatable  flow  faictor  with  value  position. 

The  saturation  problem  encountered  in  testing  and  PCFCV  was 
evaluated  and  the  necessary  inlet  and  outlet  corrections  were  incorporated  in 
the  SCFCV  designs. 

The  valve  will  be  contrnlled  with  an  available  existing  electro- 
hydraulic  servo  actuator  identical  to  thit  employed  for  actuation  of  the  PCFCV. 

Test  valves  have  been  designed  and  detailed  both  for  high- 
pressure  intensifier  testing  and  for  development  testing  in  the  engineering 
laboratories.  Most  of  the  parts  have  been  released  to  fabrication.  Two  designs 
were  required  becaxxse  the  interface  restrictions  on  the  intensifier  test  valve 
were  incompatible  with  the  laboratory  test  facilities.  The  development  test  valve 
is  shown  in  Figure  XII I-U. 

The  module  valve  (Figure  XIII-5),  with  internal  control  porting 
identical  to  that  of  the  test  valve,  has  been  incorporated  into  the  engine 
module  assembly,  and  interfaces  have  been  tentatively  established. 

2.  Fabrication 


The  test-valve  housing  and  detail  peurts  are  ^0%  completed.  It 
is  anticipated  that  development  testing  cam  be  started  on  schedule. 


•Flow  factor,  K  =  ■  - -  • '  -  ■  ■  ■ 

/  AP  X  Specific  Gravity 
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Primary  Combus 


Test  Valve — Primary  Combustor  Fuel  Control 
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Figure  XIII-4 


Secondary  Combustor  Fuel  Control  Valve--Rotary  (Test  Unit) 


STATIC  SEALS 


Secondary  Combustor  Fuel  Control  Valve--Rotary  (Module  Unit) 
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XIV. 


SUCTION  LINES  AND  AUXILIARY  SYSTB<S 


A.  GENERAL 

1.  Suction  and  Feed  Lines 

The  suction  lines  provide  the  connection  from  the  boost  pu8q>  outlet 
to  the  suction  valve  inlet  which  in  turn  is  mounted  directly  upstream  of  the  main 
pump  inlet.  I%ese  lines  are  at  a  relatively  low  pressure  (150  and  350  psl  for  the 
fuel  and  oxidizer,  respectively).  Conversely,  the  feed  lines  provlle  high-pressure 
propellants  frca  the  main-pump  discharge  to  the  boost-pump  fluid-drive  turbine 
inlets.  These  oxidizer  and  fuel  turbine  feed  lines  operate  at  main  pusp  discharge 
pressxures . 


2.  Servo-Control  System 

The  servo-control  system  is  intended  to  provide  a  flexible  and 
reliable  control  for  the  primary  and  secondary  fuel  values.  Available  exectro- 
hydraullc  servo  actuators  will  be  used  to  operate  the  fuel-control  valves  which 
have  position-feedback  to  close  the  minor  loop. 

B.  DESIGN 

1.  Suction  and  Feed  Lines 

The  preliminary  design  analysis  for  sizing  the  suction  and  feed 
lines  was  completed.  The  sizing  was  based  on  a  line  length  of  6  ft  and  on  the 
module  differential-pressure  {^.locations  shown  in  Figure  XV-5.  Tentative  interfaces 
for  the  feed  lines  have  been  established. 

2.  Servo-Control  System 

An  all-solid-stat.'?  control  system  is  being  designed  to  sequencial- 
ly  open  both  the  oxidizer-  and  the  fuel-supply  valves,  and  to  provide  closed-loop 
position  control  to  the  primary  and  secondary  fuel  valves.  The  solid-state  approach 
was  decided  upon  since  it  gives  the  highest  possible  flexibility  of  any  system 
proposed. 


This  high  degree  of  flexibility  is  obtained  through  the  use  cf 
basic  modules,  which  can  be  interconnected  from  a  patch  panel  for  a  given  sequence. 

If  a  different  sequence  is  desired,  only  the  patch  cords  need  be  changed.  Flexibility 
is  also  increased  by  the  ability  to  change  sequence  times  and  rates  electronically, 
without  any  other  modifications. 

The  basic  modules  utilized  in  the  system  consist  of  a  NOR  gate, 

NAND  gate,  flip-flop,  timer,  integrator,  and  amplifier.  The  preliminary  circuits 
for  the  above  modules  have  been  designed  and  fabriceted,  and  are  presently  under 
intensive  tests.  The  designs  will  be  finned  during  the  next  report  period. 
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XIV,  B,  Design  (cont.) 


The  senro  amplifier  for  the  position-control  loop  is  presently  being 
designed.  Initial  breadboard  testing  demonstrated  a  variable-voltage  gain  frcn 
1  to  100.  The  amplifier  design  will  be  completed  and  evaluated  after  receipt  of 
special  components  now  on  order. 

The  existing  electrohydraulic  servoactuators ,  which  have  been 
integrated  with  the  PCFCVs  and  SCFCVs,  will  become  an  integral  part  of  the  control 
system.  Positional  accuracy  of  each  control  valve  is  expected  to  be  well  within 
1.0](  of  steady-state  operating  position.  Additionally,  the  actxiators  have  built-in 
fail-safe  devices  vhich  will  close  the  fuel  valves  in  the  event  that  either  electric 
or  hydraulic  control  power  is  lost. 
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XV. 


PROPULSION  SYSTiW 


A.  GENERAL 

The  overall  objective  of  the  propulsion-system  effort  is  to  demonstrate 
the  engineering  practicality  and  the  performance  of  the  ARES  engine  module.  The 
Phase-I  design  effort  vill  ensure  that  components  designed  for  testing  are  compatible 
with  engine  modules  for  both  single  and  clustered  module  applications.  The  module 
can  be  used  either  in  conventional  clusters  of  individual  autonomous  xinlts  or 
arranged  to  discharge  through  a  common  plug  or  forced-deflection  type  nozzle.  A 
20-module  forced-deflection  nozzle  propulsion  system  has  been  defined  for  estab¬ 
lishing  the  overall  envelope  requirements  for  the  module. 

B.  StMiARY 

The  folloving  tasks  were  performed: 

1.  The  layout  of  the  20-module  forced-deflection  (FD)  nozzle  propul¬ 
sion  system  was  updated., 

2.  The  engine  module  layout  with  a  Configuratlon-B  advamced  tturbopump 
was  revised,  amd  external  views  of  the  engine  module  were  prepaured. 

3.  Efforts  were  continued  to  define  major  ccmponent  interfaces. 

Methods  for  mechauiicadly  interlocking  the  primary  amd  secondary 
fuel-control  valves  were  studied  and  found  to  be  feasible. 

5.  A  preliminary  test-instadlation  control  schematic  was  prepared. 

6.  The  nodule  pressure  schedule  was  modified,  with  adlocated 
pressure-drop  vadues  being  expressed  in  paurametric  form. 

7.  The  predicted  module  performance  versus  chamber  film-coolant  flow 
rate  wan  updated  to  include  the  revised  thrust-chamber  performance  characteristics. 

8.  A  revised  engine  operating  point  was  established  based  on  the 
predicted  characteristics  of  the  Configuration-B  turbopump  and  on  the  revised 
preuiction  of  secondary  combustor  performance  characteristics. 

9.  A  revised  module  flow  schematic  was  prepared  showing  propellent 
flow  values  in  each  ccxaponent  for  the  revised  operating  point. 

10.  The  mapping  of  engine  operating  parameters  versus  piimary  and 
secondary  fuel  vadve  positions  was  completed. 

11.  The  module  steady-state  mathematical  model  was  refined. 
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C.  TWEBTY-MODULE  PROPULSION  SYSTEM 

(c)  A  prellminai*y  PO-module  propulsion  system  layout.  Figure  XV-1, 
vas  prepared.  This  propulsion  system  incorporates  modules  with  Configuration-B 
turbopumps  and  internal-expansion  nozzles  having  an  area  ratio  of  13.^ :1,  clustered 
on  a  FD  nozzle  for  an  overall  expansion  ratio  of  70:1.  Component  envelope  con¬ 
straints,  established  from  this  propulsion  system  layout,  have  been  incorporated 
in  the  affected  component  designs. 

D.  MODULE  (ADVANCED  TPA  CONFIGURATION) 

(u)  A  cross-sectional  layout  of  the  engine  module.  Figure  XV-2,  was 
prepared  shoving  a  Configuration-B  turbopump,  a  secondary  combustor  with  a  cheur- 
acteristic  length  (L*)  of  Uo  in.  and  capillary  film-cooling  tubes,  and  suction 
valves  of  preliminary  configuration.  External  views  of  the  engine  module  were 
prepared.  Figure  XV-3  shows  the  external  side  view  of  the  engine  module  with  the 
same  orientation  as  that  of  Figure  XV-2. 

(u)  The  determination  of  interfaces  between  major  components  vas 
continued.  Detail  drawings  for  the  following  interfaces  were  sulimitted  for 
engineering  approval:  (l)  thrust  chamber  to  secondary  injector,  (2)  turbopump  to 
secondary  injector,  (3)  turbopvmp  to  suction  valves,  (h)  boost-pimp  turbine  feed 
lines  to  oxidizer  and  fuel  turbopump  housings,  and  (5)  boost-pump  turbine  feed 
lines  to  oxidizer  and  fuel  boost-pump  housings. 

(u)  Methods  for  mechanically  interlocking  the  primary  emd  secondeury 
fuel-control  valves  as  a  means  of  ensuring  their  scheduled  opening  and  closing 
were  evaluated  and  found  to  be  feasible.  Mechanical  interlocking  is  one  of  several 
methods  being  considered  in  controlling  the  valves  during  demonstration  testing  of 
the  ARES  module. 

(u)  An  effort  was  initiated  to  determine  the  manner  in  which  the 
module  will  be  installed  and  tested.  This  effort  included  the  preparation  of 
a  preliminary  control  schematic  showing  the  module  with  its  feed  lines,  hydraulic 
turbine  lines  to  the  boost  pump,  suction  valves,  fuel-control  valves,  and  valve 
actuators.  This  schematic  will  be  used  to  determine  the  requirements  for  component 
instrumentation  and  module  controls ,  and  the  general  arrangement  of  the  controls . 

(u)  The  module  design  operating  pressure  schedule,  as  shown  in 

’^igtire  XIV-3  of  Report  10830-Q-2,  was  modified.  Allocated  passage  AP  values 

are  now  expressed  in  terms  of  K  values  where 

^  * 


-/uP  X  S.G. 
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XV,  D,  Modvue  (Advanced  TPA  Configuration)  cont. 


Figures  XV-U  and  -5  sbov  the  nonincd  design  operating  pressures  and  the  allocated 
passage  values,  respectively.  The  structural  design  ol  the  module  is  based  on 
the  maximum  operational  pressure  (1.21  times  the  values  shown  in  Figure  XV>^), 
and  on  appropriate  design  safety  factors. 

(c)  A  revised  prediction  of  engine  performance  versus  secondary 
combustor  oxidizer  film-coolant  flow  rate,  based  on  test  data  from  ICP  chamber 
testing,  vas  established  and  is  shown  in  Figure  XV-6.  This  figure  shows  the 
predicted  specific  Impulse  (I  ),  the  chamber  characteristic  velocity  (c*),  and 
the  thrust  coefficient  (Cf)  for  a  chamber  having  a  characteristic  length  (L*)  of 
Uo  in.  and  a  nozzl<i  having  an  area  ratio  of  20:1.  (The  performance  of  the  secondary 
combustor  assembly  is  discussed  in  Section  IV. ) 

(c)  A  revised  engine  operating  point  was  calcul.ated  based  on  the 
allocated  Kw  values  for  the  module,  on  the  predicted  performance  of  a  Configur- 
atlon-B  turboptanp,  and  on  the  revised  performance  characteristics  of  the  thrust 
ehaaber.  This  predicted  operating  point  is  siamnarized  in  Figure  XV-7,  with  the 
target  engine  specific  impulse  remaining  at  283  sec.  The  allowable  secondary 
combustor  film-coolant  flow  rate  was  reduced  to  21.3  Ib/sec,  which  is  about  10  Ib/sec 
less  than  shown  in  Figure  XIV-1*  of  Report  10830-Q-2.  Operation  of  the  engine  at 
reduced  film-coolant  flow  rates  requires  a  slight  increase  in  pump  discharge 
pressures.  These  increased  pump  dischturge  pressures  are  compatible  with  the  module 
design  because  they  are  below  the  design  maximum  operational  pressure  for  the 
components  involved.  The  module  internal  flow  schematic,  Figure  XV-8,  was  revised 
to  incorporate  the  latest  internal  flow-passage  configurations  and  flow  values 
corresponding  to  the  revised  engine  operating  point.  This  flow  schematic  also 
shows  pump  internal  flow  v€u.ues,  which  are  considered  pmp  losses  and  are  included 
in  the  predicted  pump-efficiency  values.  Only  those  flow  values  shown  in  the 
schematic  as  entering  or  leaving  each  component  are  included  in  the  module  power- 
balance  calculations  for  establishing  the  predicted  operating  point. 

(c)  Eight  module-control  maps  were  prepaured,  which  show  the  steady 
state  operating  parameters  of  the  engine  as  functions  of  the  primary  aind  secondary 
combustor  fuel  vailve  positions  up  to  a  thrust  of  100,000  lb.  A  typical  map. 

Figure  XV-9,  is  preserved  in  this  report  emd  shows  the  predicted  shaft  speed  jf  ths 
module  turbopump  and  tne  mixture-ratio  characteristics  of  the  primary  ccmbus'i  or  for 
design  amd  off-design  steady  state  operation. 

(u)  Continuing  engine-performauice  studies  were  directed  toward  refining 
the  engine  steady-state  mathematical  model.  Refinements  of  the  steady  state  math¬ 
ematical  model  au:s  discussed  in  Section  XVI. 
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MODULE  AKRANGEMENT 
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Twenty-Module  Cluster,  FD  Nozzle 
Figure  XV-1 
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ARES  Module,  External  Side  View 


Figure  XV-3 
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This  pressure  schedule  is  based  on  (l)  allocated  flcw-passage,  values 
to  deterolneaP,  (2)  mlniniuni  allocated  turbopump  efficiencies,  and  (3)  target 
module  performance.  These  pressure  values  define  target  operating  require¬ 
ments  for  Phase-I  design  purposes,  and  will  remain  in  effect  ’unless  an  in¬ 
crease  in  module  operating  pressures  becomes  incompatible  with  exi stint,  de¬ 
sign  margins  of  safety. 


Pressure,  psia* 


Location 

Liquid 

Oxidizer 

Hot  Gas 

Liquid 

Fuel 

Boost  Pump  Inlet 

36.6** 

75 

19.5** 

75 

Boost  Pump  Discharge 

310 

3^0 

170 

225 

Main  Pump  Inlet 

255 

295 

135 

190 

Main  Pump  Discharge 

6025 

3750 

Boost  Pump  Turbine  Inlet 

5600 

3440 

2nd  Stage  Fuel  Pump  Inlet 

3600 

2nd  Stage  Fuel  Pump  Discharge 

5765 

Cooling  Jacket  Inlet 

5900 

Film  Cooling  Manifold 

5900 

Cooling  Jacket  Exit 

5125 

PC  Injector  Inlet 

5000 

5000 

PC  Injector  Face 

4700 

Turbine  Inlet 

4575 

Turbine  Exit  (Blade),  Static 

3050 

Turbine  Exit  (Blade),  Total 

3100 

SC  Injector  Inlet 

3010 

3200 

SC  Injector  Face 
SC  Chamber  (P  ) 


2885 

2800 


*  Total  pressure  unless  otherwise  indicated 
**  Corresponds  to  minimum  NPSH  per  work  statement 
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Ckid,  Suction  Line 
Ckid,  Suction  Valve 
OKid,  Outer  Houainf  Paasafe 
(PtMv  to  Coolinc  Jacket) 

Cbcid.  Cooling  Jacket 
Cbcid.  Inner  Houaing  Paaaage 

(Cooling  Jacket  to  PC  Injector) 
Okid.  P.C.  Injector 
OKid.  B.P.  Hydraulic  Turbine 
Line  k  Check  Valve 
OKid  B.P.  Hydraulic  Turbine  Or if. 

Fuel  Suction  Line 
Fuel  Suction  Valve 
Fuel  S.C.  Valve  Inlet  Paaaage 
Fuel  S.C.  Valve  (wide  open  poaition) 
Fuel  S.C.  Manifold  (Valve  to  Inject) 
Fuel  S.C.  Injector 
Fuel  P.C.  Valve  Inlet  Paaaage 
Fuel  P.C.  Valve  (wide  open  poaition) 
Fuel  P.C.  Manifold  (Valve  to  Inject) 
Fuel  P.C.  Injector 
Fuel  B.  P.  Hydraulic  Turbine  Line  k 
Check  Valve 

Fuel  B.P.  Hydraulic  Turb.  Orifice 
Oaa  Paaaagea: 


P.C.  Injector  Face  to  Turbine  Inlet 
Turbine  £xit  to  S.C.  Injector 
S.C.  Gaa  Injector 
S.C.  Injector  Face  to  Plennun 


Reference  A?,  Flow  and 

Spec.  Grav.  (iiacd  to  establish 
■in.  allocated  1^) 

4PjPf4 

W.  Ib/see 

m 

52-,9 

294.6 

1.433 

3.6 

294.6 

1.433 

12S 

213.3 

1.282 

775 

213.3 

1.282 

125 

213.3 

1.282 

300 

213.3 

1.282 

450 

38.3 

1.433 

50 

38.3 

1.433 

34 

117.4 

.9 

1.3 

117,4 

.9 

100 

80.3 

.9 

«• 

- 

• 

100 

80.3 

.9 

315 

80.3 

.9 

100 

18.6 

.9 

«» 

aw 

50 

18.6 

.9 

400 

18.6 

.9 

310 

15,9 

.9 

40 

15.9 

.9 

125 

231.9 

106* 

90 

239.6 

70,7* 

125 

85 

i 

239.6 

68.2* 

Spec.  grav.  of  gaa 


’^“/rTo  (»v  gaa) 

.o5oij  ■ 


Effective  includea  heat  addition  losses. 


NOTSS: 

1,  A  P,  flow,  and  apecific  gravity  valuea  are  for  reference  only.  For  latest  predicted 
preasurea  and  i:.ows,  see  current  ARE'’  e  Operating  Point. 

2.  Preasure  drop  alone  doea  not  eatab  xsn  a  xxrm  requirement  for  a  ,  jage  since  pressure 
will  vary  with  minor  changes  in  fxow,  and  to  a  lesser  degree  with  •'.(.nsity.  The  K  flow 
factor  should  be  used  in  place  of  A ?  as  design  criteria,  since  the  measured  K  of  a  given 
piece  of  hardware  will  not  change  with  operating  conditions. 
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Parueter 

Symbol 

Units 

Value 

Nodule  Asseably 

Thrust 

F 

lb 

100,000 

Specific  lapulse  (Sea  Level) 

sec 

285 

Mixture  Ratio,  Module 

N.R. 

- 

2,407 

Total  Weight  Flow  (1) 

Ib/sec 

350.9 

Ocidizer  Weight  Flow  (1) 

‘'cs 

Ib/sec 

247.9 

Fuel  Weight  Flow  (1) 

**FS 

Ib/sec 

103.0 

(kidizer  Suction  Pressure 

**0S 

psia 

36.6 

Fuel  Suction  Pressure 

**PS 

psia 

19.5 

Ocidizer  Net  Positive  Suction  Head,  Miniwia 

NPSHq 

ft 

30 

Fuel  Net  Positive  Suction  Head,  Minimua 

NPSH 

F 

ft 

43 

Secondary  Coolbustor 

Chaaber  Pressure,  Plenua 

psia 

2,800 

Mixture  Ratio,  Injector 

M»R»sc 

m 

2.2 

Ocidizer  File  Cooling  Flow  (1) 

^OPC 

Ib/sec 

21.3 

Prinary  CoaUnistor  &  Turbine 

Mixture  Ratio 

11.62 

Turbine  Inlet  Total  Pressure 

PTiy 

psia 

4609 

Turbine  Inlet  Total  Temperature 

p 

TIT 

•f 

1204 

Shaft  Speed 

rpm 

40254 

Main  Pumps 

Total  Discharge  Pressure,  Oxidizer 

^'CDM 

psia 

6106 

Total  Discharge  Pressure,  Fuel  First  Stage 

’^FDM-l 

psia 

3789 

Total  Discharge  Pressure,  Fuel  Second  Stage 

^PDM-2 

psia 

5911 

Boost  Pumps 

Total  Discharge  Pressure,  Oxidizer 

PCDBP 

psia 

310 

Total  Discharge  Pressure,  Fuel 

^’fdbp 

psia 

179 

(1)  For  complete  module  flows,  see  Module  Plow  Schematic,  Figure  XIV-8. 
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System  Flow  Schematic  (u) 
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m. 


EIGIIE  AlALTTICAL  MODELS 


A.  CHERAL 

Three  an&ljrticel  aodels  are  beina  dereloped  for  establishing  the  oper¬ 
ating  characteristics  of  the  ARES  engine  and  coaponent  test  configurations.  These 
three  aodela  are:  (1)  the  steady-state  prograa  for  determining  the  effect  of  system 
design  and  performance  variables  on  engine  operating  point,  (2)  the  start  and  shut¬ 
down  transient  program  for  establishing  valTe  sequencing  to  produce  smooth  start 
and  shutdown  vithcut  exceeding  engine  design  specifications  (e.g.,  shaft  accelera¬ 
tion  rate),  and  (3)  the  low-frequency  stability  program  to  establish  the  dynamic 
characteristics  of  the  engine  for  low-frequency  perturbations  about  an  operating 
point.  These  programs  provide  the  engineering  insight  required  to  start  and  run 
the  engine  successfully.  This  is  particularly  necessary  for  a  high-presstire  engine 
where  iiqsroper  phasing  of  events  during  staurt  and  operation  could  increase  component 
stresses  to  levels  exceeding  the  design  value  and  thus  lead  to  failures. 

The  steady-state  model  is  in  operation,  and  only  program  and  data  main¬ 
tenance  has  been  required.  The  modttle  transient  model  is  being  prepared;  the  models 
for  the  imensifier-fed  engine  have  been  completed.  The  low-frequency  stability 
model  has  be<^n  ca^>let«d  for  '^^e  ictensifier-fed  engines  and  the  module  model  is 
being  checked  out. 

B.  STEADI-STATE  MODEL 

The  module  steady  state  matbanatical  model  was  updated.  Accuracy  has 
been  improved  by  defining  the  gas  turbine  flow  and  torque  characteristics  as 
functions  of  speed  and  pressure  rat..o.  The  model  is  being  improved  further  by 
including  the  effects  of  propellant  density  variations  through  the  engine  system. 

Th.'  steady-state  BK>del  is  xtsed  to  establish  predicted  operating  points,  establish 
component  requirements,  and  predict  off-design  steady-state  parameters. 

C.  START  ASD  SHUTDOWH  TRAHSIEHT  A5ALYSIS 

The  Bu^or  effort  was  directed  toward  completion  of  a  transient  model  for 
the  H-3  intensifier-fed  engine  using  the  new  combustor  subroutine,  the  development 
of  a  transient  model  for  the  bumoff  seitl  tester,  and  the  revision  of  the  ARES 
mod\ile  transient  model.  The  H-3  intensifier  engine  system  has  been  programed  and 
checked  out,  the  bumoff  seal  system  has  been  programed  and  is  being  checked  out, 
and  the  analytical  development  of  the  revised  combustors-turbine-pump  subroutine 
for  the  ARES  module  was  coir'leted  and  programing  has  been  initiated.  In  addition, 
the  revised  manifold  filling  subroutine  was  completed  and  checked  out. 

The  H-3  intensifier  engine  program  uses  the  new  waterhammer  program 
for  calculating  the  transmission  chaireusteri sties  of  the  hydraulic  lines.  New 
subroutines  were  written  to  simulate  the  dynamic  characteristics  of  the  intensifiers 
and  the  primary  combustor.  These  subroutines  contain  systems  of  quasi-liaear 
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XVI,  C,  start  and  Shutdown  Transient  Analysis  (cont.) 


differential  equations,  which  are  integrated  by  a  modified  Euler  approximation.  In 
the  coBbustor  it  is  assumed  that  temperature,  molecular  weight,  and  pressure  are 
functions  of  the  average  mixture  ratio  of  the  total  propellant  species  residing  in 
the  chamber  at  any  time.  This  differs  from  past  models  where  the  temperature, 
molecxilar  weight,  and  pressure  were  assumed  to  be  instantaneous  functions  of  the 
injector  mixture  ratio.  These  methods  are  checked  out  and  are  in  use  for  engine 
test  &5mulation.  These  subroutines  are  also  in  use  for  simulation  of  the  bumoff 
seal-tester.  An  additional  subroutine  was  written  and  is  being  checked  out  for 
the  simulation  of  the  flow  and  rotational  characteristics  of  the  seal  components. 

In  the  previous  module  transient  program,  the  combustors  and  turbopunp 
components  were  separate  subroutines.  A  convergence  subroutine  was  used  to  obtain 
a  tentative  solution  for  the  primary  chamber  pressure,  turbine  exhaust  pressure, 
turbine  speed,  and  secondary  chamber  pressure.  Delays  in  getting  useful  information 
on  engine  transient  behavior  were  frequently  caused  by  the  failure  of  this  system 
of  subroutines  to  converge  on  one  or  more  of  the  parameters.  With  the  exception  of 
the  pump  flow  rates,  the  convergence  subroutines  have  been  eliminated  from  the 
method  of  solution.  Integration  is  obtained  by  using  an  Euler's  finite-difference 
ai)proxlmation  with  from  two  to  ten  successive  corrections  on  the  major  variables. 
Convergence  is  still  required  between  the  pump  suction  and  punp  discharge  flow 
because  the  pump  performance  map  prohibits  an  explicit  calculation  of  flow  rate. 

The  subroutine  is  interfaced  with  the  liquid  system  by  the  waterhammer  constants 
for  each  propellant  line  flowing  into  the  primary  euid  secondary  combustors  and  by 
the  waterhammer  constants  at  the  suction  and  discharge  sides  of  the  three  main 
pumps. 


The  major  differences  of  the  new  subroutine  from  the  subroutines  used 
to  obtain  the  preliminary  simulation  are:  (1)  the  combustion  chamber  propell^t 
properties  are  not  instanteuieously  a  function  of  the  incoming  mixture  ratio, 

(2)  the  effect  of  the  volume  between  the  turbine  exhaust  and  the  secondary  fuel 
injection  plane  has  been  Included,  (3)  the  integration  scheme  is  improved,  {k)  the 
calculation  of  turbine  flow  and  torque  has  been  replaced  by  the  design  performance 
curves  for  the  tur>'ne,  and  (5)  the  pump  input  has  been  revised  to  use  a  curve  of 
torque  as  a  function  of  speed  and  flow  instead  of  the  pump-efficiency  curve.  This 
avoids  the  discontinuity  in  torque  at  zero  efficiency. 


A  new  manifold-filling  subroutine  was  written  and  checked  out.  The  new 
subroutine  will  be  added  to  the  module  simulation  programs  as  well  as  the  H-1  euid 
H-3  simulation  programs.  The  main  feature  of  the  subroutine  is  the  distribution  of 
the  pressure  drop  in  the  lines  euid  manifold  at  appropriate  points.  The  pressure 
drops  may  be  lumped  at  one  point  (entrance  or  exit)  or  may  be  distributed  linearly 
as  a  function  of  the  volume  (cooling  tubes).  The  last  segment  of  volume  allows 
some  flow  into  the  combustors  prior  to  complete  filling  of  the  manifold.  A  function. 


W 


out 


W 


=  f 
in 

section. 


vol  filled 


will  be  input  based  on  the  geometry  of  the  last 


vol  of  last  section 
When  test  data  become  available,  this  curve  may  be  revised  to  better 


simulate  actual  manifold  filling  characteristics  and,  as  a  result,  engine  start 
characteristics. 
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XVI,  Engine  Analytical  Mclels  (cont.) 

D.  LOW-FREOUENCY  STABILITY 

The  lov-frequency  stability  analysis  for  the  H-2  intensifier  engine  vas 
cooqpleted.  This  engine  is  considered  to  be  stable  over  the  frequency  range  from 
0  to  3^0  cps.  Ihe  open-loop  gain  witb  respect  to  the  primary  combiutor  displays  a 
15-db  gain  margin  at  235  cps,  indicating  that  pressure  oscillations  originating  in 
the  primary  conbiistor  are  veiy  much  attenuated  idien  fed  back  to  the  primary.  The 
overall  open-loop  gain  with  respect  to  the  secondary  combustor  displays  a  3.7'>db 
gain  margin  at  260  cps  and  a  phase-angle  margin  greater  than  60°.  The  feedback 
gain  aroimd  the  secondary  combustor  is  such  that  pressure  oscillations  are  only 
slightly  attenuated.  It  is  therefore  concluded  that  the  system  is  only  marginally 
stable  since  control-system  experience  indicates  that  a  6-db  gain  margin  normally 
ensures  a  stable  system.  The  high  gedn  at  260  cps  is  attributed  to  a  combination 
of  a  resonance  in  the  fuel  feed  line  from  the  intensifier  to  the  branch  point  and  to 
a  resonance  in  the  hot-gas  duct  at  the  sane  frequency. 

Feed-system  modifications  vere  not  required  for  stable  operation.  This 
concluusion  has  been  verified  by  the  several  teste  idiich  have  been  conducted  without 
any  instance  of  unstable  operation. 

The  design-  and  operating-point  data  for  the  engine  modxile  j ow- frequency 
stability  model  vere  conq>iled.  The  program  for  calculation  of  the  system  equation 
coefficients  vas  written  and  checked  out,  and  the  coefficients  have  been  calculated 
and  checked  using  the  design  and  operational  data.  Some  revision  vas  made  to  the 
equations  ^rtiich  are  lised  to  represent  the  hydraulic  line  characteristics.  An 
equivedent  »  circuit  representation  will  be  used  rather  than  the  second-order  system 
originally  proposed. 

The  program  used  for  matrix  derivation  of  the  transfer  functions  has 
been  conq>leted  and  is  being  checked  out.  The  program  vas  believed  to  have  been 
checked  out  earlier,  but,  during  use  of  the  program  to  attain  transfer  functions 
for  subcomponents  of  the  engines,  an  additioned  special  case  vas  discovered  and 
this  error  has  now  been  corrected.  The  subcomponent  transfer  functions  will  be  obtained 
prior  to  attenq>ting  to  run  the  entire  67th  order  system  of  equations  which  are  used 
to  simulate  the  module  engine. 

Two  subroutines  for  anedyzlng  and  plotting  the  transfer  function  results 
8U*e  being  conq)leted  and  will  be  added  to  the  baisic  program.  These  plotting  routines 
will  produce  Bode  plots  and  reeuL-tlme  response  '  ''s  for  a  xinlt  step  input. 
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XVII. 


NOZZLE  AERODYNAMICS 


A.  GENERAL 

Design  analysis  of  the  full-scale  ARES  prototype  forced  deflection  vas 
concltided  with  a  detailed  derivation  of  its  estinated  perfomance.  The  revised 
subscale  nozzle-test  program  vas  accepted  by  the  subcontractor.  All  aerodynamic 
and  mechanical  design  of  models  under  the  revised  program  vas  completed,  and  cold- 
flov  testing  is  undervay.  Perfomance  tests  of  Models  la  and  Model  2  vithout  base 
bleed,  and  engine-out  tests  of  Model  2,  vere  completed.  If  the  present  schedule 
prt'vails,  all  subscale  nozzle  tests  vill  be  completer!  by  the  end  of  June. 

B.  SUBSCALE  TEST  PROGRAM 
1.  Program  Plan 

The  revised  subscale  nozzle-test  program,  described  in  Report 
AFRPL-TD-66-1  (Ref  1)  and  submitted  to  the  subcontractor  for  quote  at  that  time, 
vas  accepted  by  him  vithout  change  in  cost.  At  the  time  of  negotiation  one  addi- 
tionel  item  vas  modified;  rather  than  test  one  forced-base-bleed  configuration  at 
six  pressure  ratios  (Figure  XVI -1,  Reference  l),  •Vree  forced-base-bleed  passages 
vill  be  tested  at  each  of  tvo  pressure  ratios,  25'.  and  1000.  Results  from  these 
latter  tests  vill  be  more  useful  for  selecting  an  '  >  itimum  ratio  of  secondary-to- 
primory  mass  flov  than  vould  be  the  case  if  data  f..  only  one  secondary  flov  rate 
vere  available. 


2.  Accomplishments 

All  aerodynamic  and  mechanical  model  designs  vere  completed,  and 
all  models  except  models  U  cmd  l4a  vere  fabricated.  Model  testing  is  veil  undervay. 
Perfomance  tests  of  tfodels  la  and  Model  2,  vithout  bleed,  and  the  engine-out  tests 
of  Model  2  (see  Figures  XVI-1  and  XVI -2,  Reference  l)  vere  completed.  Hovever,  no 
data  are  available,  and  analysis  of  results  has  not  yet  started. 

C.  FULL-SCALE  PROTOTYPE  FORCED-DEFLECTION  NOZZLE,  DESIGN  AND 
PERFORMANCE 

Design  of  the  prototype  forced  deflection  nozzle,  discussed  in 
Reference  1,  vas  concluded  vlth  a  detailed  derivation  of  its  estimated  perfomance 
(Figure  XVII-l).  The  data  eure  presented  in  the  fora  of  a  thrust-efficiency  (Cq,) 
versus  pressure-ratio  (A  ■  ^c^^a^  curve,  and  are  based  primarily  upon  cold-flov 
results  from  previous  programs  TContracts  AF  04(611) -8017  and  -8548).  Results 
include  only  the  geometric  decrement  and  do  not  reflect  either  combustion  or 
friction  losses. 
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XVII,  C,  Fxill-Scale  Prototype  Forced-Deflection  Nozzle,  Design  and 
Performance  (cont.) 


(c)  At  design  conditions,  the  factor  CmCp  was  calculated  theoretically 
for  both  the  AF  0^(6ll)'-801T  and  >-85^8  prototype  nozzles  and  ccnpared  with  experi¬ 
mental  resxilts,  with  ambient  base  bleed,  fron  the  cold-flov  performance-simtilation 
Models  1  (re-run)  and  11,  respectively: 


Contract 

Theoretical 

Vd 

Experimental 

Ratio 

AF  0U( 611) -8017  (Model  1) 

0.9926  g  A  » 

2U95 

0.9806  g  A  «  2615 

98.17 

AF  0i»(6ll)-85l»8  (Model  11) 

0.9879  g  A  » 

1775 

O.976U  g  A  ■  1817 

97.85 

Average  *  98.01 

Using  the  average  value  of  the  ratio  of  experimental  to  theoreticed  C^^n*  98.01, 
the  theoretical  design  value  of  CtjiCp  for  the  ARES  prototype  nozzle,  0.9oll,  was 
adjusted  to  the  expected  subscale  experimental  value  of  O.9616.  Subscale-nozzle 
discharge  coefficient  of  0.9900,  assumed  on  the  basis  of  previous  results,  yielded 
a  projected  design  thrust  efficiency  of  0.9713  for  the  cold-flow  performance- 
simulation  model,  Model  2,  with  ambient  base  bleed.  A  similar  technique  was  used 
to  project  an  experimental  value  of  design  pressure  ratio  (1066)  from  that  deter¬ 
mined  theoretically  (1059).  Since  the  full-scale  nozzle  and  subscale  models  are 
designed  for  equality  of  these  parameters,  this  is  also  the  projected  design  perform¬ 
ance  of  the  full-scale  forced-deflection  configuration.  The  results  of  this  tech¬ 
nique  were  then  compared  with  those  that  might  be  predicted  from  purely  empirical 
data  (Figures  IV-31  and  IV-32,  Reference  2)  and  found  to  be  essentially  identical. 

(c)  Sea-level  performance  of  the  ARES  prototype  forced  deflection 
nozzle  was  deduced  from  the  performance  data  in  Reference  2  by  first  determining 
the  sea-level  performance  of  col'^.-flov  Model  2  and  then  extrapolating  this  to  full- 
scale  conditions.  From  Figure  IV-31,  Reference  2,  the  sea-level  thrust  efficiency 
of  Model  2,  with  an  aerodynamic  area  ratio  of  23.68,  is  0.9030  (without  ambient 
bleed).  Using  the  data  on  Figxxre  IV-32  for  the  Model-2  vedue  of  =  0.6625, 

a  thrust-efficiency  increment  of  0.042l»  is  postulated  with  the  addition  of  ambient 
base  bleed  (by  using  the  sixteen-module  or  annular-throat  data  adjusted  to  an  aero¬ 
dynamic  area  ratio  of  23.68).  The  data  on  Figure  IV-33  indicate  8ui  additional 
sea-level  performance  Increment  to  be  expected  by  Increasing  the  number  of  modules 
from  eight  to  twenty;  however,  the  increased  merging  losses  associated  with  de  Laval 
rather  than  contoured-wedge  modules  will  probably  offset  this  Increment,  and  the 
Increment  was  not  considered  at  this  time.  Extrapolating,  then,  the  predicted 
subscale  sea-level  thrust  efficiency  of  0.9^5^ »  at  a  pressure  ratio  of  131,  to 
full-scale  conditions  locates  this  value  at  the  full-scale  sea-level  pressure  raftlo 
of  188  (see  Reference  3,  Section  III, A;  for  a  discussion  of  model  simulation  and 
data  correlation). 

(u)  With  full-scale  sea-level  and  design  performance  now  established, 
and  considering  the  ideal  noncompensated  nozzle  performance  (shown  as  a  dashed  line), 
the  remainder  of  the  thrust-efficiency  curve  may  be  constructed  by  reference  to  any 
experimental  curve  of  these  parameters,  such  as  Figure  IV-35,  Reference  2. 


Page  XVII-2 

CONFIDENTIU 


Report  10830->Q-3 


XVII,  Hozzle  Aerodynamics  (cont.) 


D.  SUBSCALE  MODEL  DESIGH  AHD  PERPORMAHCE 
1.  Cold-Flov  Program 

Design  of  Models  la,  2,  and  3  was  -*iscur''ed  in  Reference  1.  The 
remaining  models,  a  plug  nozzle  and  several  variations  of  .'lodel  2,  are  reviewed 
below. 


a.  Model  2a  (Module-to-Skirt  Flow-Merging  Study) 

Recalling  the  design  of  Model  2  (Section  XVI,D,a,  Reference  l), 
the  skirt  contour  of  that  model  was  smoothly  merged  into  the  internal-expansion 
section  (lES)  contour.  On  Model  3,  however,  with  its  reduced  module  cant  angle  and 
increased  base  area  ratio,  a  smooth  mergence  of  the  two  contours  was  not  x>ossible 
and  a  sharp,  zero-radius  turn  or  compression  comer  Joined  the  module  cluster  to  the 
skirt.  Differences  in  performance  between  these  two  configurations  'id.ll  be  resolved 
by  Model  2a,  which  is  identical  to  Model  2  in  every  respect  except  that  the  skirt 
entrance  angle  equals  the  module  cant  angle  (19.65°)  rather  than  the  module  exit 
angle  (32.13°).  By  experlmentedly  isolating  this  effect  with  Models  2  and  2a,  the 
intended  results  from  Model  3  i.e.,  significance  of  lES  area  ratio  changes,  will  not 
be  obscured  by  unavoidable  changes  in  related  design  parameters. 

b.  Model  2b  (Shortened  Skirt  Study) 

Even  though  forced-deflection  nozzle  skirts  are  relatively 
short  in  comparison  with  conventioned  de  Laval  nozzles,  they  are  still  longer,  and 
therefore  heavier,  than  desired.  Flirther,  the  analytical  tools  for  designing  an 
annular  throat,  fully  external -expansion  forced-deflection  nozzles  have  less  appli¬ 
cation  to  the  current  modular  configurations  whose  selection  depends  much  more  on 
empirical  data.  These  two  unrelated  considerations  were  iinited  during  selection  of 
the  test  configuration  for  Model  2b,  whose  skirt  was  arbitrarily  shortened  about  l8/t 
(to  I8.1U7  from  22.013,  nondlmenslonally)  from  that  of  Model  2a.  This  is  equivalent 
to  a  theoretical  design-performance  reduction  of  1!#,  and  the  objective  of  testing 
Model  2b  is  to  determine  if  this  reduction  will  actual? y  occur  and,  if  it  does, 
whether  it  is  as  severe  as  predicted.  All  other  desl  ’>1  parameters  of  Models  2a 
and  2b  are  identical  so  that  the  result  of  arbitrarily  shortening  the  nozzle  skirt 
can  be  explicitly  determined. 

c.  Models  2c  and  2d  (Cant  Angle  Study) 

The  uicertainty  surrounding  selection  of  certain  modular 
forced-deflection  nozzle  design  parameters,  such  as  module  cant  angle,  has  recently 
been  re-enforced,  by  evidence  that,  as  the  nodule  throat  recedes  from  tlie  nozzle 
axis,  the  Prandtl-Meyer  turning  angle  associated  with  the  aerodynamic  area  ratio 
may  not  be  the  correct  criterion  for  selection  of  lES  slope.  Therefore,  Models  2c 
and  2d,  with  cant  angles  five  degrees  less  (15®)  and  greater  (25°),  respectively, 
than  that  of  Model  2a  (19.65°),  vere  selected  to  verify  this  issue.  The  modules 
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XVII,  D,  Subseale  Model  Design  and  Perfonumce  (cont.) 


are  placed  relatirely  far  trm  the  nozzle  axis  and,  since  all  other  design  parameters 
are  identical  except  the  degree  of  compression  at  isodule>to>skirt  flow  merging,  the 
restilt  of  cant-angle  variation  can  be  deduced  easily. 

d.  Model  2  (Forced  Base  Bleed) 

A  primary  consideration  in  simulating  forced  base  bleed  is  the 
selection  of  the  secondary  flow  stagnation  pressure.  If  ram  air  is  to  be  the  source 
of  bleed,  the  vehicle  trajectory  and  the  inlet  compression  efficiency  become 
significant  design  parameters.  If  base  pressurization  by  compressor  or  secondary 
flow  combustion  is  to  be  considered,  compl^ity  of  the  design  problem  is  further 
increased.  And  still  another  aspect  of  the  analysis  is  the  method  of  introducing 
the  secondary  fluid  into  the  base  region.  The  relatively  low  level  of  effort  to  be 
expended  in  this  program  on  this  phase  of  nozzle  performance  precluded  an  extensive 
study  of  the  interrelationship  of  these  various  design  features.  Rather,  three 
secondary  mass  flow-ratios,  (1,  3,  and  5%  of  primary  or  model  nozzle  flow)  were 
arbitrarily  selected  to  provide  data  covering  stagnation  pressures  from  ambient 
static  through  normal-shock  ram  to  those  requiring  energy  addition,  other  than 
vehicle  motion.  This  is,  admittedly,  a  minimua  effort  but  will  provide  useful  data 
for  later  consideration  of  air-augmented  nozzle  configurations. 

e.  Models  ^  and  Ua 

The  optimum  area  ratio  selected  for  the  ARES  prototype  nozzle 
(Ref  h)  is  equally  applicable  to  plug  or  forced-deflection  configurations.  However, 
an  immediate  limitation  of  the  plug  concept  is  vehicle  diameter  because  a  major  por¬ 
tion  of  each  module  will  be  outside  this  envelope.  In  view  of  the  rather  arbitrary 
nature  of  this  limit,  the  optimum  area  ratio  was  allowed  to  prevail  since  this  would 
result  in  approximate  equality  of  cold-flow  model  area  ratios  and  allow  the  best 
performance  canq>arlson  to  date  between  plug  and  forced-deflection  nozzle  configurations. 
Prototype  design  did  not  proceed  beyond  this  point  as  the  overall  area  ratio  of 
Models  U  and  Ua  was  immediately  equated  to  that  of  Model  la,  the  forced-deflection 
model  with  contoured-wedge  internal  expansion  sections.  Design  to  this  specification 
fixed  the  following  additional  model  parameters: 


Nozzle  Area  Ratio 

39.59 

Module  Area  Ratio 

5.^5 

Module  Cant  Angle,  ° 

-27.36 

One  further  design  variable  was  eliminated  by  selecting  a  constant  lES  length. 
Either  equivalent-flow  merging  angle  (Reference  2)  or  lES  length  could  be  fixed 
between  the  two  models;  however,  since  holding  the  flow-merging  angle  constcmt 
at  the  Model  la  value  ( 18.90°)  would  result  in  a  prohibitively  long  internal 
expansion  section,  the  latter  parameter  was  the  one  equated. 
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All  design  paraaeters  discussed  thus  far  are  independent  of 
plug  length.  The  two  lengths  of  interest  in  this  program  are  the  so-called 
'zero-length"  plug  (Model  b)  and  a  finite-length  plug  in  which,  theoretically, 

71  of  ideal  vacuum  thrust  is  realized  from  the  plug  surface.  This  can  be 
achieved  a  13. l8!^  isentropic-length  plug  (on  a  simplified  flow  basis),  and  the 
associated  model  was  designated  ^a.  A  sketch  of  both  models  is  shown  in 
Figure  XVII-2. 


2.  Warm  Flow  Program 

The  two-dimensional  warm-flow  configuration  was  selected  during 
the  previous  quarter  and  discussed  in  Reference  1.  However,  prior  to  fabrication, 
the  configuration  was  modified  by  eliminating  the  I£S  exit  gap  on  half  of  the 
modules  to  generate  the  most  severe  heating  environment  that  could  be  encountered 
in  any  full-scale  nozzle.  A  sketch  of  the  converted  model.  Figure  XVII-3,  is 
included  for  comparison  with  Figure  XVI -7  of  Reference  1. 
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XVIII. 

AIRFLOV  MOSEL  TESTUG 


A.  GERERAL 

The  turbopuiv  pessage  aodela  to  be  tested  in  this  progrM  are  briefly 
described  in  Figure  XVIII-1.  The  planned  testing  order  for  these  aodels  is  shown 
in  the  right-hand  colunn,  revised  as  of  30  March  1966. 

Prelininary  testing  on  the  turbine  inlet  Model  (h)  was  coapleted. 
Fabrication  of  the  liquid-passage  Models  (a),  (b),  and  (c)  is  ccaq^lete,  and 
testing  is  scheduled  for  the  next  reporting  period.  The  design  of  the  turbine-exhaust 
Model  (i)  was  cospleted,  and  fabrication  was  initiated.  The  design  of  two  aodel 
turbines  was  coapleted  and  coaponents  are  being  fabricated.  The  asseablies  will  be 
henceforth  described  as  Turbine  Model  (K),  Mod  I  and  Mod  II,  respectively. 

Design  of  the  backtqp  inlet  bousing.  Model  (l),  is  in  process,  and 
fabrication  will  be  initiated  during  the  next  reporting  period. 

B.  TPA  CCMPOHERT  MODEL  TESTUG  (AIR) 

Preliminary  testing  of  the  turbine  inlet  Model  (h)  was  coapleted  on 
22  February  1966  and  a  preliadnary  report  issued  on  U  March  1966.  Preliminary  data 
indicate  that  the  pressure  drop  through  the  combustion  zone  is  quite  low,  but  that 
sepfuration  occurs  around  the  center  body,  as  shown  schematically  in  Figure  XVIII-2, 
leading  to  a  considerable  pitch-angle  variation  in  the  flow  entering  the  turbine 
nozzles.  Some  modifications  to  the  model  and  instrumentation  techniques  and 
locations  will  be  made,  and  further  tests  will  be  conducted  to  establish  uniform  flow 
at  the  turbine  entrance.  Pressure  loss  does  not  appear  to  be  a  problem. 

Fabrication  of  the  oxidizer  liquid-passage  Models  (a),  (b),  and  (c) 
is  90%  complete,  with  installation  and  testing  scheduled  for  the  next  reporting 
period.  These  models  were  redeisgned  to  conform  to  the  turbopump-housing  Design-B 
configuration. 

The  design  of  the  turbine  exhaust  model  was  completed,  and  fabrication 
was  initiated.  This  model  has  also  been  designed  to  the  latest  Design-B  configuration 
to  obtain  significant  results  for  final  design  evaluation. 

A  thorough  study  of  the  turbine  design  for  the  advanced  turbopump  was 
completed  and  resulted  in  a  decision  to  evaluate  two  significantly  different  design 
concepts.  These  will  be  referred  to  henceforth  as  the  Mod-I  and  Mod-II  Model  (K) 
turbines.  The  Mod-I  design  was  based  upon  the  design  criterion  that  the  turbine 
should  have  maximim  efficiency,  assuming  ideal  operating  conditions,  ‘at  the  design 
point.  The  Mod-II  design  was  based  upon  the  assumption  that  a  simplified  turbine 
can  be  designed  with  existing  knowledge  and  will  produce  the  specified  performance 
under  actual  operating  conditions,  which  may  be  far  from  the  ideal. 
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Both  theee  desiipie  beee  been  eoqileted,  and  fAbrieatioii  of  eoaponents 
le  la  iwoeess.  The  final  acale  factor  for  theae  aodela  ia  1.6$. 

DealRD  of  a  aodel  of  the  haeknp  oxidlser  turhopiaip  inlet  houaing  ia  in 
proeeaa:  the  nodcl  vlll  be  built  with  a  acale  factor  of  l.b  to  provide  adequate 
apace  for  inatnaentatioo  and  to  take  ■ajciwm  advaatai,e  of  exiating  teat-facility 
flow  civacity. 

C.  HJBCTOR  AIRFUIH  TISTIBG 

The  rebuilt  Marie  125A  (ICP)  Injector  waa  air-flow  teated.  The  injector 
waa  equipped  with  aix  total-preaaure  and  two  atatic-preaaare  ti^  located  behind  the 
injector  face.  Theae  tape  were  to  be  inatalled  in  an  attuapt  to  correlate  the 
■aaa-veloci^  dlatributioo  frou  hot  and  cold  flow  teating.  The  cold  flow  teata 
revealed  no  algnlflcant  difference  in  flow  diatrlbution  when  tested  with  and  without 
turbulators.  Conaequently,  hot  flow  data  would  not  provide  any  farther  insight  into 
the  differences  between  hot  and  cold  flow  distribution.  Bo  hot-flow  dnta.  were 
obtained  becanae  the  presaure  taps  on  the  injector  body  btid  to  be  elinlnated  due 
tc  leakage  which  could  not  be  eoirected. 
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Planned 
Testing  Order 

Designation  Model  Description  (Revised  3-30*66 ) 

(a)  A  model  for  the  evaluation  of  the  oxidizer  liquid  2 

circuit  tram  the  discharge  at  the  pump  to  the  sta¬ 
tion  idiere  the  regeneratively  cooling  tubes  have  a 

100*  bend. 

(b)  A  model  for  the  testing  of  the  oxidizer  flow  frcm  3 

the  discharge  of  Model  (a)  to  the  collector  ahead 

of  the  oxidizer  injectors  of  the  primary  ccxnbustlon 
chaaR>er. 

(c)  A  transition  piece,  which  enables  the  coupling  of  4 

the  flow  passages  of  Models  (a)  and.  (b)  to  possibly 

evaluate  the  ccnplete  oxidizer  circuit  and  the 
influence  of  the  discharge  conditions  of  Model  (a) 
on  the  performance  of  Model  (b). 

(h)  A  model  of  the  turbine  inlet  passage  from  the  injec-  1 

tor  face  of  the  primary  combustor  to  the  exit  emnulus 

of  the  turbine  nozzle  blading. 

(i)  A  model  of  the  turbine  discharge  duct  f^ca  the  tur-  5 

bine  rotor  exit  annulus  to  and  throu^'-.  the  passages 

of  the  secondary  injector  assembly. 

(j)  Repeat  of  Model  (i)  with  a  different  or  significantly  9 

modified  seccHidary  injector  assesibly  configuration. 

(k)  A  1.65-tlmes  full-size  model  of  the  turbine  rotor  and 
stator  assembly  installed  in  an  existing  turbine  test 
fixtxire. 

Mod  I  Turbine  Design — a  hi0ily  refined  concept  7 

incorporating  sharp  leading  edges,  tapered  and 

twisted  blades,  and  variable  blade  hei^t  and 

chord  for  the  purpose  of  achieving  maximum 

efficiency. 

Mod  II  Turbine  Design — a  highly  simplified  con-  8 

cept  incorporating  blunt  leading  edges,  untapered, 
untwisted  blades  of  consteuat  height  and  chord  for 
the  purpose  of  reducing  fabrication  complexity  and 
providing  cooling  potentieQ.. 

(l)  A  model  of  preliminary  back-up  TPA  punqp  inlet  housings.  6 


Summary  of  Mode’  Configurations 
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xn. 


^AT-tlUBFn  UAUSIS 


A.  GDKRAL 

Tli«  aeco^tllslBMBts  of  tho  boot'traasfer  effort  Airing  this  reporting 
period  are  itcalsed  helow. 

1.  A  eherscterlstie  length  (I^)  of  hO  in.  ms  selected  ss  optira 
for  the  ARES  chmher,  based  on  ehsiiber  and  filn-cooling  perfonsanee. 

2.  The  fila-eooling  reqaireaents  for  six  rersioos  of  rcgeneratirely 
cooled  ehaiBbers  with  an  of  hO  in.  were  established. 

3..  The  e^iUary  tube  study  for  second-point  injection  was  finalised, 
and  tiAes  with  an  ID  of  0.0li5  in.  and  a  wall  thickness  of  0.005  in.  were  selected. 

k.  A  prfsaetric  study  of  a  self-cooling  chaaber  liner  was  conducted 
to  establish  the  feasibility  of  the  concept. 

5.  The  exact  flow  distribution  to  each  group  of  washers  of  the 
transpiration-cooled  chamber  was  deterained  for  two  conditions:  a  nearly  unifora 
1900^  wall  te^wrature  and  a  fir^-scst  aaxiatsi  flow. 

6.  The  evaluation  of  fila-cooled  tests  and  regeneratively  cooled 
chaaber  tests  on  ICP  residual  hardware  was  coaq>leted. 

7.  Three  efforts  were  initiated  in  the  theraal-barrier  prograa: 
plasBS-spraying  of  Hastelloy-X  on  Inconel  716;  braze-bonding  of  various  coatings; 
and  plasaa-process  iaproveaent.  The  first  of  these  efforts  was  coapleted  this 
period. 


8.  Siqiport  of  the  coaponent  design  efforts  was  continued  including 
the  inline  and  advanced  TPAs,  the  Mark  125  injector,  and  the  secondary  injector/ 
interface  flange. 

B.  ARES  THRUST  CHAMBERS 

1.  Regeneratively  Cooled  Chambers 
a.  Coaputer  Program 

The  completed  analysis  of  data  obtained  in  the  test  firings 
of  ICP  residual  hardware  (both  ablative  and  regeneratively  cooled)  has  precipitated 
a  change  in  the  "Regeneratively  and  Film  Cooled  Thrust  Chmsber"  computer  program. 
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Xn,  B,  ARES  Thrust  Cbaabers  (coot.) 


(u)  The  reference  teapersture  for  the  erslustion  of  the 
eooTcetiTe>hest>transfer  coefficients »  both  for  gss  and  coolant,  has  been  changed. 
These  coefficients  were  preriously  referenced  to  the  nainstreaB  gas  or  filB>coolant 
bulk  temperatures,  rcspectiTely.  The  reference  teaperature  for  the  gas  coefficient 
nov  is  a  fila  tcqierature  equal  to  the  aritbaetic  aean  between  the  aainstreaa  gas  and 
the  fila  coolant  temperatures  and  for  the  fila  coefficient  the  reference  teaperature 
is  the  aritbaetic  aean  between  the  fila-coolant  and  the  wall  temperatures.  This 
change  has  a  aaall  effect  on  ablative  cheabers  or  tube  bundles  coated  with  high- 
teaperature  resistant  theraal  barriers.  The  effect  becoaes  quite  pronounced  in  the 
design  of  uncoated  tube  bundles. 

(u)  This  change  in  analytical  techniques  is  reflected  in  all 
woric  reported  for  the  past  quarter. 

b.  Optiaisatlon 

(c)  The  optlauB  length  of  the  ARES  regeneratively  cooled 
chaaber  was  selected  as  the  one  idiich  provides  the  highest  probability  of  achieving 
the  perforaance  objectives  of  the  ARES  progrsa.  The  chaaber  was  analyzed  for  three 
L*s  (17.^,  30,  and  50  in.)  and  for  three  configurations  (imcoated,  coated  with 
Bastelloy  X,  and  coated  with  a  tungsten>base  theraal  coating — 3)(  copper  added  to  a 
basic  65V-12  Zr02  •  3  Si  powder  plus  a  nondiffused  silicon  topcoat).  The  flla-cooling 
requlreaents  were  deteialned  for  both  single-point  injection  (at  the  injector)  and 
two-pcint  injection  (at  the  injector  and  froa  capillary  tubes).  The  location  of  the 
second  injection  station  was  also  varied  so  that  the  best  capillary  tube  length  could 
be  established. 


(c)  The  thrust-chaaber  parameters  were  based  on  the  following 
average  predicted  test  conditions:  chamber  pressure,  2800  psia;  secondary  combustor 
sdxture  ratio,  2.2;  mainstream  gas  flow  rate,  351  Ib/sec;  regenerative  coolant  flow 
rate,  219.2  Ib/sec;  and  regenerative-  and  film-coolant  inlet  tonperature,  90°?. 

The  chaaber  beat  loads  were  evaluated  using  a  Dittus-Boelter  correlation  for  the 
gas-side  heat-transfer  coefficient.  This  coefficient  was  increased  by  a  factor  to 
account  for  turbulence  in  the  combustion  zone.  The  factor  was  considered  to  decrease 
linearly  with  area  ratio  from  1.5  at  the  secondary  injector  face  plane  to  1.0  at  the 
throat . 


(u)  The  film-cooling  requirements  for  the  three  chamber 
configurations  were  established  as  those  that  wo'old  limit  t^e  temperature  of  the 
outside  tube  wall  to  less  than  1500**?  and  that  of  the  coating  surface  to  2200°F 
for  the  Hastelloy  X  coating  and  to  3500°F  for  the  tungsr.Gi:  coating.  The  temperature 
of  1500°F  for  the  outside  tube  wall  is  considered  maximum  because  the  strength  of 
Inconel  718  deteriorates  above  this  temperature,  whereas  temperatures  of  2200**  and 
3500°F  are  considered  maximum  for  the  respective  coatings  in  an  oxidizer-rich 
atmospheire . 
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XIX,  B,  ARES  Thrust  Cbaabers  (cont.) 


(u)  A  suBBary  of  the  results  of  this  study  is  presented  in 
Figure  XIX-1,  idiich  shovs  nininat  fila-<ooling  requirements  for  both  single  and 
tvo>polnt  injection  as  veil  as  the  axial  location  of  the  second  injection  point  in 
tiie  matter  case. 

(u)  These  minimum  film-cooling  requirements  are  shown  as 
a  function  of  L*  for  single  and  tvo-point  injection  in  Figures  XIX-2  and  3, 
respectively.  Figure  XIX-1(  presents  the  performance  loss  associated  with  each 
case.  The  performance  loss  was  calculated  from  the  following  relationship 

H 

%  Loss  ■  0.6  X  100 

8 

where  «  minimum  film  cooling  reqtiirement ,  Ib/sec 

V  >  mainstream  gas  flow  rate  (351  Ib/sec) 

8 

(u)  All  performance  losses  other  than  those  due  to  film 
cooling  in  the  ARES  chamber  are  shown  as  a  function  of  L*  in  Figure  XIX-5.  This 
figure  includes  losses  due  to  mixture-ratio  distribution,  conbustion,  nozzle 
friction,  anu  nozzle  gecoetry. 

(c)  The  information  presented  in  Figures  XIX-4  and  5  is 
summarized  in  Figure  XIX-6,  which  shows  the  effects  of  chamber  configuration,  L*, 
and  single  and  two-point  injection  on  ARES  overall  performance.  Phase-T  and 
Phase-II  reqvilrements  of  90  and  91«6]t  of  sea-level  specific  impulse,  respectively, 
also  are  shown. 


(c)  On  the  basis  of  Figure  XIX-6  the  UO  L*  chamber  was 
selected  as  the  best  choice.  The  edlovable  film-coolatit  flow  rates  are  31.5  and 
22.8  Ib/sec  for  Phases  I  and  II,  respectively. 

c.  Capillary  Tube  Final  Study 

(u)  The  chamber  was  analyzed  for  three  sizes  of  Hastelloy-X 
capillary  tubes;  Inside  diameters  of  O.OUO,  O.OU^,  and  O.05O  in.,  each  with  a  wall 
thickness  of  O.OO5  in.  The  total  number  of  these  tubes  is  104.  Each  tube  was 
considered  to  extend  from  the  injector  face  plane  to  a  point  fi'Nx  jnches  upstream  of 
the  throat.  This  location  was  selected  although  this  distance  is  slightly  greater 
than  that  associated  with  the  minimum  film-cooling  requirements  summarized  in 
Figure  XIX-1.  The  increase  in  total  film-cooleuit  flow  resulting  from  this  selection 
is  small  (<  1  Ib/sec);  the  shorter  capillsuTr  tube  allows  greater  flexibility  of  flow 
rates  for  development  testing.  Additionsdly,  the  tubes  end  in  a  region  of  signifi¬ 
cantly  lower  heat  flux  and  consequently  have  a  greater  margin  of  safety.  A  minimum 
film-coolant  flow  rate  of  13.8  Ib/sec  is  required  from  these  tubes  to  cool  the  throat. 
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XIX,  B,  ARES  Thrust  Chaobers  (cont.) 


The  thrust-chamber  parameters  are  the  same  as  given  in 
Section  XIX,B,l,b,  above. 

Each  tube  size  was  analyzed  for  film-coolant  flow  rates  of  13.8, 
20,  30,  and  UO  Ib/sec.  Figures  XIX-7,  -8  and  -9  present  heat-flux  capability  as  a 
function  of  velocity  for  the  O.OUO-,  0-0J»5-,  and  0.0l»5-in.-dia  tubes,  respectively. 

The  dashed  lines  reflect  the  tube  heat  flux  at  the  capillary  tube  ends.  These  lines 
show  that  the  heat  flux  is  lover  at  the  injector  face  for  13.8  and  20  Ib/sec  and  at 
the  tube  exit  for  30  and  UO  Ib/sec.  The  changes  in  heat  flux  for  a  given  weight  flow 
may  be  attributed  to  the  combined  effects  of  variations  in  fluid  transport  propeirties 
resulting  from  changes  in  pressure  and  temperature.  A  design  burnout  beat  flux  line 
is  also  shown  on  these  figures.  This  line  limits  the  film-coolant  flow  rates  to 
minimum  values  of  about  13,  19. 3«  and  2U  Ib/sec  for  the  O.OUO-,  0.0^3-*  and  0. 030-in. - 
dia  tubes,  respectively. 

Figure  XIX-10  presents  pressure  drop  as  a  function  of  film- 
coolant  flow  rate  for  the  three  tube  sizes.  The  maximum  allowable  pressure  drop  of 
3100  psi  limits  the  flow  rates  to  about  27,  37,  and  U8  Ib/sec  for  the  0.0l*0-,  0.01*3-, 
and  0.0l*3-in.-dia  tubes,  respectively. 

The  0.0l*3-ln.-dla  tube  was  selected  as  the  best  on  the  basis 
of  all  factors  considered.  This  size  has  a  capability  range  which  encompasses  the 
high  flow  rates  desired  for  Initial  tests  as  well  as  the  flow  rate  associated  with 
the  total  of  31.3  Ib/sec  for  Phase  I. 

Figures  XIX-11  and  -12  present  temperature  data  as  a  function 
of  capillary  tube  length  for  the  selected  geometry.  The  tube-wall  temperatiires 
(Figure  XIX-11)  indicate  that  Inconel  718  and  possibly  stainless-steel  tubing  would 
be  acceptable  substitutes  for  the  Hastelloy  X  tubing. 

The  film-coolant  requirements  for  e€u:h  of  six  versions  of  the 
1*0  L*  ARES  regeneratively  cooled  chambers  axe  presented  in  Figure  XIX-13. 

d.  Microflow  Liner  Parametric  Study 

As  a  possible  Improvement  to  the  capillEury  tube  cooling  concept, 
a  preliminary  effort  was  completed  to  determine  the  feasibility  of  a  self-cooling 
chamber  liner  consisting  of  small  tubes  or  small  slots.  The  liner  should  car.-y 
sufficient  flow  to  film-cool  the  convergent  portion  of  the  chamber  to  the  throat  and, 
in  so  doing,  to  regeneratively  cool  itself  without  need  of  film  cooling  or  coating. 

This  feasibility  study  was  conducted  for  both  round  tubes  and 
square  slots,  the  results  are  shown  in  Figures  XIX-lU  and  -15.  Figure  XIX-ll*  shows 
the  coolant  flow  rate  as  a  function  of  coolant  velocity  in  the  tubes  for  a  constant 
inlet  density  of  90  lb/ft3  and  a  constant  length  of  6  in.  The  coolant  velocity  was 
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XIX.  B,  ARES  Thnist  Chambers  (cont.) 


detemined  by  finding  the  number  of  tubes  of  each  size  (four  are  shovn;  0.010  to 
0.023  in.)  which  will  fit  around  the  circumference  of  the  10.3-in.  chamber.  All 
tubes  used  have  a  wall  thickness  of  0.0073  in.  Superimposed  across  the  curve  are 
lines  of  constant  pressure  drop  at  values  of  1000,  2000,  and  3000  psi  for  a  friction 
factor  of  0.03,  and  of  300C  psi  for  a  friction  factor  of  0.02.  Finally,  two  lines 
are  shovn  for  heat  loads  of  20  and  23  Btu/in.^  sec,  which  correspond  to  the  ARES 
chamber  condition  for  wall  temperatures  of  2200°?  (typical  of  Hastelloy  X}  and 
1300**?  (typical  of  Inconel  718) •  These  lines  are  shovn  at  the  velocities  which 
correspond  to  these  heat  fluxes  as  burnout  values.  By  selecting  Hastelloy  X  as  a 
material  and  determining  that  a  friction  factor  of  0.02  is  more  realistic  than  0.03, 
an  operating  range  can  be  defined  by  the  velocity  corresponding  to  20  Btu/in.^  sec 
burnout  heat  flux  on  the  left,  by  a  constant  pressure  drop  of  3000  psi  across  the 
bottom,  and  by  the  largest  tube  (about  0.028  in.  ID)  \diich  will  permit  flowing 
the  Phase  I  maximum  requirement  at  or  above  the  minlmm  velocity.  This  practical 
operating  range  is  shovn  on  Flgiure  XIX-lU. 

Figure  XIX-13  shows  the  same  parameters  as  the  previous 
figiu'e  blit  for  square  slots  with  the  land  between  slots  the  same  dimension  as  the 
slot  itself. 


Both  of  these  curves  show  potential  operating  ranges  which 
adequately  cover  the  range  of  interest  on  the  ARES  program.  Detailed  heat-transfer 
and  flow  analyses  of  both  concepts  are  currently  being  conducted  smd  will  be  reported 
at  a  later  date.  In  conjunction  with  these  continuing  studies,  preliminaory  designs 
are  being  evaluated  for  fabrication  feasibility.  If  a  configuration  is  determined 
which  is  acceptable  from  both  an  analytical  heat-transfer  standpoint  and  from  a 
manufacturing  standpoint,  a  decision  will  be  made  whether  to  incorporate  this  concept 
into  the  ARES  program. 

2.  Transpiration-Cooled  Chambers 
a.  Coolant-Flow  Requirements 

The  transpiration-coolant  flow-rate  schedules  and  distributions 
have  been  established  for  two  conditions  of  operation,  i.e.,  a  conservative  first-test 
flow-rate  schedule  and  an  optimized-design  flow-rate  schedule.  The  design  configura¬ 
tion  and  its  required  flow  are  based  on  a  nominal  wedl  temperature  of  1900°F,  which 
has  been  established  from  an  analytical  model  that  will  be  discussed  later. 

The  design  approach  is  to  calculate  the  theoretical  flow 
requirements  of  the  optimized  conditions  eind  to  stack  the  platelets  for  achieving 
a  flow  distribution  that  is  as  close  as  possible  to  the  theoretical  optimum.  Each 
pair  of  platelets  has  six  relative  positions  available  which  result  in  six  lengths 
of  metering  groove.  AxIelL  flow  distribution  is  controlled  by  selecting  metering 
groove  lengths  (and,  hence,  the  pressure  drop)  from  one  of  these  six  positions  and 
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•Iso  bf  selectiof  the  coolant  siqiply  pressure  for  each  coopartaent.  The  first 
test  will  use  the  platelet  Indexing  of  the  design  coofiguratioo,  hut  will  be  nade 
^th  increased  coolant-flov  rates  which  are  obtained  increasing  the  siqiply 
pressure  to  all  coopartoests  to  k^OO  psia. 

Figure  XIX-I6  prorldes  a  usawiy  of  flow  rates  associated 
with  the  platelet  asseahlies  for  both  the  first  test  and  the  optiaized  condltioos. 
Included  in  thijt  figure  are  flow-ea^[>artoent  length,  platelet  thickness,  flow- 
coi^artoent  plemai  prt:.sure,  the  corresponding  coolant  flow  rate,  and  the  nuober 
■Ml  indexing  position  of  platelets  in  Mch  flow  conpartnent.  Each  flow  ccnpartaent 
is  separated  tnm  the  adjacent  ea^>artnents  by  theraally  instrunented  platelets 
which  are  0.021  in.  thick. 

b.  Tbenal  Analysis 

Transpiration-coolant  flow  requires^nts  had  to  be  established  for 
the  ARES  prototype  transpiration-cooled  chaaiber  without  the  benefit  of  rerification 
with  directly  ^plleable  test  data.  The  required  data  are  scheduled  to  be  arailahle 
in  April  trcm  a  conpaiqr-funded  IR&O  progran.  The  analytical  nodel  employed  for 
design  purposes  utilizes  toe  Hatch  and  Piq)ell  film-cooling  model  for  determining 
the  effective  recovery  temperature  seen  by  the  chamber  wall.  A  factor  of  1.5  was 
^plied  to  the  heat-trensf ;r  coefficient  between  the  main  gas  stream  and  the  coolant 
within  the  cylindrical  cliaiber  section,  decreasing  with  the  chamber  diameter  to  a 
factor  of  1.0  at  the  throat.  The  assumption  was  made  that  there  was  no  coolant 
carryover  ffom  iqistream  platelets  to  those  downstream.  This  means  that  each  platelet 
has  sufficient  flow  to  cool  itself  without  the  aid  of  the  upstream  mass  addition  to 
the  boundary  layer.  Ihis  is,  of  course,  a  conservative  assumption  which  i.^  offset 
to  an  unknown  degree  by  the  possible  cheadcal  reaction  of  the  cxidizer  coolant  within 
the  boundary  layer.  Ihe  equilibrium  reaction  of  ^  2RO2  was  also  assumed,  as 
well  as  fhlly  established  laminar  flow  within  the  platelets. 

The  effective  recovery  temperature  determined  by  means  of  the  Hatch 
and  Papell  film-cooling  model  provides  a  boundary  condition  for  the  solution  of  the 
one-dimensional  or  fin-type  conduction-convection  problem,  whose  solution  takes  the 
form: 


T  -T 
w  c 

T  -T 
PR  c 


Sinh  1-—  I  (J-Jt)  )  ♦  B  cosh  [-|^  »  (?-x)  ] 
(1  ♦  2y)  Sinh  (-|^  H  ?)  ♦  N  cosh  (-|^  N  ?) 
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c .  Bydraullc  Analysis 

The  nclnal  flow  rates  are  well  within  the  laainar  flow  regiae 
and  are  asswed  to  be  fully  established,  asking  the  pressure  drop  per  unit  length 
proportional  to  the  aass  flow  through  the  channel: 

^  ^  wji  _ 12 _ 

^  ***0  ab^  (li/3  -  0.836  b/a] 


where: 

AP  «  pressure  di^,  psi 
L  s  channel  length,  in. 

V  3  coolant  viscosity,  Iba/ft  sec 

V  s  coolant  mass  flow,  Iba/sec 

3 

p  =  coolant  density,  Ibm/ft 

2 

s  gravitational  constant,  Iba  ft/sec  Ibf 
a  3  channel  half-width,  in. 
b  «  channel  half-height,  in. 

The  entrance  loss  was  taken  as  1.3  times  the  velocity  head  and 
the  exit  loss  was  taken  as  1.0  times  the  velocity  head. 

C.  ICP  RESIDUAL  HARDWARE 

This  study  examined  the  validity  of  the  analytical  model  which  is 
presently  being  used  to  determine  the  cooling  requirements  for  the  ARES  thrust  chamber. 
Experimental  temperature  data  from  five  test  firings  of  the  ICP  Sector  Engine  were 
compared  to  the  analytical  predictions. 

Figures  XIX-17,  -18,  and  -19  compare  predicted  and  experimental  wall 
temperatures  for  film-cooled  ablative-chamber  Tests  1.2~07-WAM-009,  -010,  and  -Oil. 

The  predicted  wall  temperatures  shown  in  the  above-mentioned  figures  were  based  on 
a  "Bartz  factor"  of  1.5  at  the  point  of  injection  scaled  to  1.0  at  the  throat.  This 
value  of  the  "Bartz  factor"  was  chosen  for  this  comparison  as  it  has  been  the  basis 
of  all  design  work  on  the  ARES  Program.  As  may  be  seen  from  the  figures,  and  as 
was  intended,  this  value  of  the  "Bartz  factor"  produces  reasonably  close,  but  con¬ 
servative,  predictions  for  thrust-chamber  wedl  temperatures.  The  "Bartz  factor" 
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which  ■oat  closely  approaciaates  aeasnred  data  was  found  to  be  1.0  at  the  injector 
face  scaled  to  1.2  at  the  throaV.  However,  for  clarity,  this  curve  has  been  oaiticd 
fktai  these  fiKures. 

In  Tests  1.2-06-1ttN-002  and  -003,  both  fila  coolim^  and  regenerative 
cooling  techniques  were  cq>lqyed.  Since  wall  toperatures  were  not  available, 
the  coaparisoo  in  these  tests  was  aade  between  predicted  and  aeasured  values  of 
regenerative  coolant  tcaperature.  As  in  Tests  1.2-07-UM(-009,  -010,  and  -011, 
the  predicted  teaperatures  are  based  on  a  ’’Barts  fact^”  of  1.3  at  the  injector 
sealed  to  1.0  at  the  throat.  Figures  XIX-20  and  -21  show  regenerative  coolant 
tcaperature  versus  axial  distance  fros  the  secocdary  injector  for  Tests  -002 
and  -003,  respectively.  Both  tests  were  conducted  using  single-pass  tube  bundles 
in  which  the  regenerative  coolant  is  passed  countercurrent  to  the  aain  gas  flow. 

In  Test  -002  fila  coolant  was  injected  only  at  the  face  of  the  secondary 
injector.  In  Test  -003  fila  coolant  was  injected  at  the  face  of  the  secondary 
injector  and,  through  0.03S-in.-0D  capillary  tubes,  at  a  point  12.23  in.  (aeasured 
axially)  downstrcM  of  the  injector.  The  capillary  tubes  were  located  in  the  valleys 
bet-«ec  regenerative  coolant  tubes.  Since  tbe  capillary  tubes  greatly  shielded 
the  coolant  tubes  ftoa  the  hot  coabu8ti<»  gases,  they  were  assuaed  to  absorb  83% 
of  the  beat  which  would  have,  in  their  absence,  been  absorbed  by  tbe  regenerative 
coolant.  The  predicted  tcaperature  of  tbe  regenerative  coolsp*:  was,  therefore, 
reduced  based  on  this  assuaption. 

Tbe  placeaent  of  the  capillary  tubes  necessitated  an  additional  arbitrary 
a88inQ>tion.  In  all  previous  fila-cooling  tests  tbe  fila  cooling  effectiveness  (n) 
was  assiawd  to  be  constant  downstreaa  of  tbe  throat,  based  on  earlier  test  data. 
However,  this  assuaption  would  be  unrealistic  for  Test  -003  since  fila  coolant  was 
introduced  fToa  the  c^illary  tubes  only  one  inch  froa  tbe  throat.  Therefore, 
for  Test  -003  only,  constant  fila-cooling  effectiveness  (n)  was  assiaed  to  begin 
at  a  point  soaeidiat  downstreaa  of  tbe  throat.  This  point  occurs  at  a  location  where  < 
tbe  predicted  tcaperature  of  tbe  fila  downstreaa  of  tbe  throat  is  equal  to  tbe 
predicted  teaperatture  of  tbe  fila  at  the  throat  in  Test  -002. 

In  Test  -002  an  oxidizer  leakage  of  about  8  Ib/sec  occurred  in  tbe 
chaaber  prior  to  the  data  period.  This  leakage  rate  was  not  included  in  either 
tbe  regenerative  or  fila-coolant  flow  rates  used  for  predicting  teaperatures . 

Tbe  predicted  temperature  rise  of  tbe  regenerative  coolant  agreed  well 
with  tbe  measiired  value  for  Test  -003,  as  may  be  seen  froa  Figure  XIX-21.  However, 
in  Test  -002  the  predicted  temperature  rise  was  7**  less  than  measured.  This 
discrepancy  luqr  be  attributed  to  a  loss  of  coating  at  several  locations  in  the  throat 
region  ^ere  the  heat  flux  is  maximum.  In  addition,  the  film  cooling  effectiveness 
(n)  may  have  been  reduced  due  to  a  local  loss  of  coating  near  the  injector  face. 

This  loss  of  coating  resulted  in  a  severe  (0.036  in.)  discontinuity  on  the  wall  near 
the  film-coolant  tubes,  possibly  causing  increased  mixing  of  the  coolant  with  the 
mainstream  gases. 


Page  XIX-9 


(This  page  is  Unclassified) 

CONFIDENTIAL 


CONFIIENTMl 

Report  106?0>€|-3 


xn,  C,  ICP  Residual  Hardware  (coot.) 


(u)  The  backside  tbemoeouple  data  for  both  tests  show  considerable 
scatter  and  are,  therefore,  of  questicmable  ralue. 

(c)  The  specific  test  paraaeters  which  were  considered  for  calculations 
of  the  predicted  perfoMance  have  bWn  tabulated  for  each  test  in  Figure  XIX-22. 

The  stagnation  teaperature  of  the  coabusticm  gases  was  calculated  for  each  test 
based  on  injector  Mixture  ratio,  chaaber  pressure,  and  coabustion  efficiency.  The 
coabustioo  efficiency  associated  with  the  Mark  125  injector,  used  in  all  five  tests, 
was  taken  as  9^.8%.  This  value  was  obtained  froa  Test  -012,  which  was  uncooled. 

The  stagnation  temperature  of  the  coabustion  gases  was  then  calculated  for  each  test 
asstBing  a  direct  proportionality  with  the  square  of  coabustion  efficiency. 

D.  THERMAL-BARRIER  OEVELOPMEIT 

1.  Siaaaury 

(u)  Three  {diases  of  laboratory  investigation  were  initiated: 

1.  Evaluation  of  plasaa-sprayed  Hastellpy  X, 

2.  Evaluation  of  braze  bonding, 

3.  Plasma  process  improvenent. 

(u)  The  first  task  was  completed  and  is  discussed  in  paragraph 

D,2,  below. 

(u)  Sixteen  braze-bonding  disc  type  specimens  were  sprayed  and 
ten  of  these  were  heat-treated  for  2  hr  at  1730  ♦  10®F  to  flow  the  NICORO  80  braze 
alloy  and  to  react  the  silicon  topcoat  with  the  tungsten-based  thermal  barrier. 

Five  specimens  were  heat-treated  in  dry  hydrogen  and  five  in  a  vacuum.  One  of 
the  specimens  beat-treated  in  hydrogen  and  foiir  of  the  specimens  heat-treated  in  a 
vacttua  appeared  to  be  well  bonded.  Thermal  shock  and  oxidation  tests  will  be  used 
to  evaluate  these  specimens  and  others  of  the  same  composition  which  were  not 
heat  treated. 


(u)  Four  specimens  consisting  of  three  tubes  each  were  sprayed 
with  blends  of  Hastelloy  X  end  ’j%  Nicoro  80,  emd  two  of  these  were  brazed  for 
20  min  at  1730®P  in  dry  hydrogen.  Thermal-shock  tests  of  "as-sprayed"  and  of  heat- 
treated  specimens  will  be  made  in  April. 

(u)  Designs  were  completed  and  fabrication  initiated  for  plasma- 
process  improvements  involving  tungsten  shroud  nozzles,  axial  powder  injection 
techniques,  and  a  nitrogen  blast  adapter  to  reduce  overspray  contamination. 
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2.  Sprayed  Hastellpy  X  Test  Results 

a.  Investigation 

Three  thennal-shock  speeinens  coat'^  vith  0.010  in. 
of  Hastelloy  X.  The  '^'henud-shock  siwciaens  consist  of  three  tubes  of  Inconel  716 
brazed  together  with  water  adapters  at  each  end.  The  tubes  are  9.3  in.  long,  have 
an  OD  of  0.23  in.,  and  are  O.Ol^t  in.  thick. 

Thermal  shock  tests  were  conducted  vith  water  cooling  and  a 
plasma-are  heat  soxirce.  The  test  procedure  was  to  adjust  the  heat  fltix  to  a  desired 
value  on  a  water-cooled  calorimeter  and  to  rotate  the  specimen  in  and  out  of  the 
flame  at  20-sec  intervals  in  the  heating  cycle  until  a  failure  occurred. 

The  test  results  are  summarized  in  Figure  XIX -23.  The 
first  specimen  tested.  Ho.  I80,  failed  in  the  first  cycle  due  to  a  burnout  caused 
by  insufficient  availability  of  water  cooling. 

Two  positions  on  the  second  specimen.  Ho.  178,  were  tested. 

At  one  position,  178-1,  a  small  area  of  coating  on  the  center  tube  spalled  and 
melted  in  the  fourth  cycle.  The  second  position,  178-2,  burned  out  in  the  first 
cycle.  The  appearance  of  the  burnout  is  shown  in  Figures  XIX-2U.  Several  small 
pinholes,  a  dark  stain  in  the  liquid  side,  and  wall  thinning  occurred  in  a  remarkable 
similarity  to  burnouts  observed  on  chambers. 

Three  positions  were  tested  on  Specimen  179  with  the  heat 
flux  lowered  slightly  to  eliminate  the  burnout  problem.  Failures  occurred  in  two  to 
seven  cycles  as  listed  in  Figure  XIX-23.  The  microstructure  of  a  failed  ares 
on  Specimen  179-3  is  shown  in  Figure  XIX-25.  The  thermal-shock  failure  definitely 
originates  in  the  bond  zone.  The  sprayed  Hastelloy  X  has  very  little  porosity, 

\diich  is  exceptionally  good  for  sprayed  material. 

b.  Summary  of  Results 

The  thermal  shock  resistance  of  plasma-sprayed  Hastelloy  X 
on  Inconel  718  tubing  was  found  to  be  insufficient  for  use  in  the  ARES  chamber. 
Spalling  type  thermal-shock  failures  occurred  between  two  to  seven  20-sec  cycles 
due  to  insufficient  adherence.  Apparently,  the  bond  between  Hastelloy  X  and 
Inconel  718  is  mechanical,  whereas  the  bond  between  tungsten  and  Inconel  718 
is  a  diffusion  type  which  accounts  for  the  superior  results  with  tungsten-based 
coatings . 


Metallographic  examination  of  the  plasma-sprayed  Hastelloy  X 
showed  that  thermal  shock  failures  initiated  at  the  bond  zone  and  that  the  sprayed 
material  had  very  little  porosity.  Braze-bonding  studies  of  sprayed  Hastelloy  X 
using  Nicoro  80  and  a  furnace  treatment  at  1730®F  have  been  initiated. 
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E.  COMPOflEIT  IXSICM  SUPPORT 
1.  Inline  TPA 

This  section  presents  the  results  of  a  preliainary  analysis  uliieb 
was  condxicted  to  predict  ■axina  vail  teaperattu«s ,  for  steady-state  operation, 
at  several  critical  points  in  the  priaaiy  conhustor  of  the  inline  TPA.  Since  the 
final  design  had  not  yet  been  established,  it  vas  agreed  that  the  tcaperatures 
should  be  estiaated  based  on  either  one-diaensional  or  radial  heat  flow  and  that  a 
■ore  rigorous  analysis  would  subsequently  be  perforaed  on  the  final  design  if 
necessary. 


Tem>eratures  were  calculated  at  five  locations  along  the  housing 
vail.  These  locations  are  specified  in  the  sketch  of  Figure  XIX-26  as  A,  B,  C, 

0,  and  E.  Tabulated  below  are  the  calculated  wall  surface  tcaperatures  along  with 
scale  of  the  store  iaqtortant  parameters  on  which  the  calculations  were  based. 


Location 

Surface 
Tempera¬ 
ture,  ®P 

Gas 

Velocity, 

ft/sec 

Gas  Heat-Transfer 
Coefficient , 
Btu/ft2-hr-®R 

Material 
Thickness , 
in. 

Method 

of 

Analysis 

A 

1»31 

3 

147 

— 

2-Dia 

B 

270 

1 

39 

0.41 

1-Dia 

C 

U38 

1 

39 

0.8 

l-Dia 

D 

UOO 

<1 

20 

1.5 

1-Dia 

E 

1»25 

<1 

2C 

1.25 

Radial 

The  gas-side  heat-transfer  coefficients  were  based  on  estimates 
of  the  gas  velocity  between  the  bousing  wall  and  a  protective  metal  liner.  The 
liner  contained  ssuQl  slots  in  the  vicinity  of  the  injector  to  equalize  the  pressure 
on  both  sides.  However,  since  there  vas  no  downstream  outlet  for  the  gases,  the 
velocities  in  this  region  were  assumed  to  be  very  small.  Downstream  of  the  slots 
(Points  B  and  C)  the  velocity  vas  assumed  equal  to  1  ft/sec.  At  Points  D  and  E, 
near  the  stator,  the  heat-transfer  coefficients  used  in  the  analysis  were  between 
those  based  on  a  velocity  of  1  ft/sec  and  those  based  on  free  convection.  The 
temperature  of  the  gu  adjacent  to  the  wall  was  assumed  equal  to  1^00°F  in  adl  cases. 

The  resistance  to  heat  flow  on  the  liquid  side  vas  negligible 
compared  to  the  overall  resistance  across  the  wall.  Therefore,  the  liquid-side 
temperatures  were  essentially  equal  to  the  liquid  temperature,  which  vas  eu^sumed 
constant  at  70°F. 
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.  The  resistance  of  the  netsl  to  heat  flow  was  based  on  a  cooductirity 
of  2.0^  X  10“*  Btu/in.-sec®R,  which  is  rcpresentatiwe  of  Inconel  718. 

In  the  cylindrical  section  of  the  priaary  coabustor.  Point  A,  the 
conduction  problea  was  solwed  by  usiu;;  a  two-diaensional  analysis  which  is  considered 
to  be  accurate  for  this  geoaetry. 

At  Points  B,  C,  and  0  the  wall  surface  teaperatures  were  calculated 
using  one>diaensi<nial  beat-flow  approxiaation.  This  assiaiption  is  reasonable  at 
Point  B  and,  therefore,  the  teaperature  calculated  at  this  point  shoiild  be  accurate. 
The  teaperature  at  Point  C  aust  be  considered  soaewhat  optiaistic  due  to  the 
additional  heating  at  the  adjacent  comer.  At  Point  D  a  nxaiber  of  effects  aust  be 
considered  in  eraluating  the  accuracy  of  the  predicted  teaperature.  Howerer,  it  is 
believed  that  the  "inside  comer  effect’  at  this  point  will  predoainate,  and,  thus, 
the  predicted  teaperature  will  be  slightly  conservative.  Also,  it  should  be  noted 
that  the  four  coolant  passages,  indicated  by  (l)  in  Figure  XIX-26  have  been  ignored. 

At  Point  E,  Just  upstreaa  of  the  stator,  the  teaperature  was 
calculated  assuaing  radial  heat  flow.  This  assuaption  is  considered  to  be  slightly 
conservative  since  the  effect  of  nearby  coolant  passages  has  been  ignored. 

Calculations  were  also  performed  to  estimate  the  teaperatxire  rise 
in  the  H2O1J  flowing  along  the  shaft.  Assuming  a  flow  rate  of  3  gpn,  it  is  estimated 
that  the  temperature  of  the  B2O1J  would  rise  only  four  degrees  between  the  ptimp 
outlet  and  the  radial  bearings.  The  maximum  beating  of  the  will  occur 
adjacent  to  the  nozzle  block.  Here  it  is  estimated  that  the  temperature  of  the 
fluid  will  rise  a  maximum  of  30  degrees,  again  assuming  a  flow  rate  of  5  gpm- 


2 .  Advanced  TPA 


A  heat-transfer  analysis  was  conducted  to  determine  the  temperature 
distribution  in  the  B-design  turbine  shaft  during  steady  state  operation.  The 
results  are  presented  in  Figures  VI -9  and  VI -10  in  the  form  of  isothermal  lines, 
for  expansion-slot  depths  of  0.30  in.  and  0.58  in* >  respectively. 


The  boundary  conditions  used  in  the  analysis  are  specified 
schematically  in  Figure  XIX-27.  Unless  otherwise  specified,  all  heat-transfer 
coefficients  were  calcxilated  using  the  Colburn  equation: 


0.027k 

where  k 


Pr 


.U 


thermal  conductivity 


D„  =  hydraulic  diameter 
n 

Re  =  Reynolds  number 


Pr  =  Prandtl  number 
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XIX,  E,  CoapoDent  Design  Support  (eont.) 


The  transport  properties  vere  eraluated  at  the  srerage  teaperature  between  the 
flree  stresa  and  the  surface.  The  surface  of  the  shaft  and  of  the  hub  upstream  of 
the  blades  was  assumed  to  be  cooled  by  X2O],  at  a  constant  teaperature  of  70°F. 
Siailarly,  the  shaft  00  the  dovnstreaa  side  of  the  blades  was  assumed  to  be  cooled 
by  AeroZIlE  50  at  a  teiq>erature  of  lOO^P.  The  heat-transfer  coefficients  along 
these  surfaces  vere  calculated  by  assuming  that  the  relative  velocities  between 
the  liquid  and  the  shaft  are  equal  to  one-half  the  tangential  velocity  of  the  shaft. 

Six  holes  drilled  parallel  to  the  shaft  axis  feed  H2O1,  throtigh  an 
annxilar  slot  (Section  B-B  in  Figure  VI -9)  to  the  bumoff  seal.  The  cooling  effect 
of  the  six  boles  (shown  as  dotted  lines  in  Figure  XIX-27)  has  been  neglected  for 
this  analysis.  The  heat-transfer  coefficients  in  the  annular  passages  between 
the  end  of  the  six  holes  and  the  bumoff  seal  vere  calculated  based  on  a  tlov  rate 
of  12.7  gpa.  The  temperature  of  the  in  this  region  was  again  assumed  constant 
at  70®F. 


Another  slot  is  located  Just  downstream  of  the  blades. 

The  purpose  of  this  slot  is  to  reduce  the  themal  stresses  induced  in  the  bub 
near  the  gas  surface  and  thus  to  minimize  distortion  of  the  hydrostatic-ceal 
ruxming  surface.  The  beat-transfer  coefficient  within  the  slot  was  calculated 
bas'^d  on  an  assumed  gas  velocity  of  20  ft/sec,  idiich  is  considered  conservative. 

The  teaqwrature  of  the  gas  in  the  slot  was  taken  as  1360°F. 

The  beat  transferred  to  the  hub  was  accoimted  for  by  calculating  a 
single  composite  beat-transfer  coefficient  idiich  included  both  convection  between 
the  gas  and  the  bub  and  conduction  between  the  blades  and  the  bub. 


The  convective  coefficient  was  calculated  based  on  an  average 
velocity  of  699  ft/sec  relative  to  the  hub  surface  using  the  Colburn  equation. 
The  conductive  heat-transfer  coefficient  at  the  hub  surface  was  calculated  from 
the  following  equation: 


cond 


1  - 


1  ♦ 


km  -  h  -2mL 
km  h  * 
km  -  h  -2mL 
km  +  h  * 


and  Li 


where  k 

h 

L 

C 

A 


thermal  conductivity  of  the  blades 

convective  heat-transfer  coefficient  between  the  gas 
and  the  blades 

radieJ.  length  of  the  blades 

blade  circumference  at  a  cross  section 

blade  cross-sectional  area 
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XIX,  E,  CoBponent  Design  Support  (cont.) 


The  preceding  equation  is  based  on  the  following  assusptions: 

a.  Ho  temperature  gradient  in  the  blades  parallel  to  the  axis  of 

the  shaft. 

b.  The  ratio  of  circumference  to  area  at  aiqr  cross-section  is  a 

constant. 


The  first  asstasptlon  is  considered  to  be  valid  for  steady-state 
operation,  within  the  required  limits  of  accurr.^  of  the  analysis.  However,  regard¬ 
ing  the  second  assumption,  the  ratio  of  blade  circumference  to  cross-sectional  area 
decreases  with  radial  distance  from  the  hub.  To  compensate  for  this  discrepancy  and 
to  give  conservative  tesiperatures ,  the  above  ratio  was  evaluated  at  one-fourth  of  the 
distance  between  the  blade  root  and  the  tip. 

The  average  heat-tranefer  coefficient  between  the  gas  and  the  blade 
surface  was  taken  as  6020  E^u/ft-hr-*’R.  This  value  was  calculated  for  a  previous 
heat-transfer  analysis  of  the  A-design. 


Having  obtained  the  convective  and  conductive  coefficients  at  the 
hub  surface,  a  composite  coefficient  was  then  calcxilated  to  be  U38O  Btu/ft^-hr-^R 
based  on  the  relative  areas  to  which  they  applied: 


h 


comp 


(h  A  + 
conv  conv 


^cond^ cond^ 


where  h  =  composite  heat-transfer  coefficient  at  the  hub  surface 
conq)  ^ 

Aj^^^  a  total  surface  area  of  hub 

h  =  convective  heat-transfer  coefficient  between  the 
conv 

gas  and  the  exposed  surface  of  the  hub 

h  ,  =  conductive  heat-transfer  coefficient,  evaluated  at 
the  hub  surface,  between  the  blades  and  the  hub 

A  -  surface  area  of  the  hub  exposed  to  the  gas 
conv 

A  ,  =  surface  area  of  the  hub  occupied  by  the  blade 
cond 

The  driving-force  temperature  at  the  hub  surface  was  taken  as  1360°P 
based  on  a  stagnation  temperature  at  the  injector  of  l^OO^F. 


The  Inside  surface  of  the  hollow  shaft  was  assumed  to  be  an 
adiabatic  boundary.  This  assumption  is  Justified  since  only  free  convection  will 
occur  at  this  surface. 
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XIX,  E,  Component  Design  Support  (cont.) 


The  conduction  problem  was  solved  using  the  thermal  analyze' 
computer  program.  The  blades  and  the  shaft  were  considered  to  be  integral  with  a 
constant  thexmal  conductivity  of  ll*.0  Btu/ft-hr-®R. 

As  may  be  seen  from  the  temperature  distribution  plots  of 
Figures  VI -9  and  VI -10,  significant  heating  of  the  shaft  occurs  only  in  the  hub 
area  due  to  the  cooling  effect  of  the  or  Aero^INE  50  flowing  along  the  shaft. 

The  heat-transfer  coefficients  in  this  area  are  very  large  as  a  result  of  large 
relative  velocities  between  the  shaft  and  the  fluids.  The  region  of  the  hub  Just 
downstream  of  Section  B-B  in  Figure  VI-9  remains  almost  at  ambient  temperature 
since  the  design  is  isolated  frcn  the  source  of  heat  by  an  annular  cooling  passage. 

At  the  surface  of  the  hub  the  temperatures  very  closely  approach 
the  recovery  temperature  of  the  gas  on  the  blades.  A  very  high  temperature 
gradient  exists  at  the  upstream  extremit>  of  the  hub  where  the  N20i^  cooler  meets 
the  mainstream  gas.  A  similar  high  temperature  gradient  at  the  downstream  end  of 
the  hub  is  avoided  by  the  insulating  effect  of  the  expansion  slot. 

Of  primary  interest  in  this  analysis  are  the  temperatures  near  the 
bottom  of  the  expansion  slot,  which  are  necessary  to  evaluate  t\e  stress  concentration 
in  this  area.  Increasing  the  depth  of  the  slot  may  somewhat  alleviate  this  problem 
by  placing  the  region  of  high  stress  concentration  in  an  area  of  generally  lower 
temperatures . 


3 .  Mark  125  Injector  Vane 

An  analysis  was  performed  on  a  Mark  125  injector  vane  to  determine 
the  temperature  distribution  for  the  purpose  of  a  stress  analysis.  Figure  XIX-28 
shows  the  section  of  the  anedyzed  vane.  The  temperatures  calculated  at  Station  1 
were  based  on  radial  heat  flow,  with  the  gas-side  heat-transfer  coefficient  varying 
around  the  periphery  as  in  flow  across  a  cylinder.  The  temperatures  at  Station  U 
were  calculated  by  a  two-dimensional  thermal  analyzer  using  finite  differences. 

The  temperature  at  Station  6  was  tedien  equal  to  the  gas  temperature  whereas  those 
at  Stations  2,  3,  and  5  are  interpolations.  The  effect  of  the  mass  below  the 
primary  fluid  channel  was  neglected  due  to  the  presence  of  the  large  number  of 
cooling  passages;  however,  the  temperatures  in  View  B  are  slightly  optimistic  due  to 
this  assumption.  In  no  case  will  they  exceed  the  values  in  View  A. 

h.  Secondary  Injector/Interface  Flange 

The  temperature  predictions  presented  in  this  paragraph  are  based 
on  a  free-stream  gas  temperature  of  lll8°F,  an  N20jj  coolant  temperature  in  the  up- 
flow  passage  of  200®F,  an  N20jj  temperature  in  the  film-coolant  annulus  of  70®F,  and 
an  AeroZINE  50  temperature  of  70®F.  One-diraensioned  flow  has  been  assumed  with  the 
regenerative-coolant  passage  considered  to  be  an  annulus.  Gas-side  velocities  range 
from  103  to  82  ft/sec. 
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XIX,  E,  Component  Design  Support  (cont.) 


A  detailed  two-dimensional  analysis,  performed  on  the  "Thermal 
Analyzer"  computer  program,  was  made  for  one  station  and  verifies  the  acciiracy 
of  the  one-dimensional  assumption. 

The  wall  temperatures  for  the  gas  side  (denoted  Iry  •  in  Flgiure  XIX-29) 
and  the  liquid  side  (denoted  by  @  )  are  summarized  below: 


Station 

Gas-Side 

Wall  Temperature,  ®F 

Liquid-Side 
Wall  Temperature, 

1 

1030 

217 

2 

810 

151 

3 

935 

226 

1* 

870 

255 

5 

886 

21*8 

6 

776 

U30 

The  station  locations  eu'e  identified  in  Figure  XIX-29. 
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Film-Cooling  Requirements  for  ARBS  Chambers  (u) 
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Figure  XIX-2 
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Figure  XIX-3 
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Minimum  Performance  Loss  Due  to  Film-Cooling  the  ARBS  Chamber  (u) 
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Figure  XIX-6 
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Performance  Potential  in  ARES  Chamber  (u) 
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Uncoated 

Hastelloy  X 
Coated 

Tungsten 

Coated 

Surface  Teii?>erature  Limits,  “F 

Outside  tube  wall 

1500 

1500 

1500 

Coauing  surface 

2200 

3500 

Film-Cooling  Requirements,  Ib/sec 

Single-point  injection 

38.6 

29.7 

13.5 

Two-point  injection 

20.4 

16.0 

0 

06 

Injector  face  plane 

6.6 

5.3 

3.0 

Capillary  tubes  (5 

13.8 

10.7 

5.0 

from  throat) 

Film-Cooling  Requirements  for  ARES  40-in.  L*  Regeneratively 

Cooled  Chamber  (u) 
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Figure  XIX-9 
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Uncoated  Capillary  Tube  Heat-Flux  Capability  (Based  on 
CXitside  Surface  Area),  0.050  in.  ID 


Pressure  Drop,  psi 
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Pressure  Drop  in  Capillary  Tubes 


Figure  XIX-11 


Capillary  Tube  Wall  Temperatures 
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Temperature  in  ARBS  Capillary  Tubes 
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Figure  XIX-l-i 


Microflow  Liner,  Parametric  Stidy,  Round  Tubes 
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Figure  XIX-15 


Microflow  Liner,  Parametric  Study,  Square  S^ots 
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Figure  XIX-16 


Transpiration-Cooled  Chamber  Coolant--Plow  Distribution 
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Figure  XIX-17 
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Figure  XIX-18 


Axial  Distance  from  Film  Coolant  Injection,  in. 


Itest  1.2-07-WAM-011 
W.  =  27*7  Ib/sec 
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Axial  Distance  From  Film  Coolant  Injection,  in 


Regenerative  Coolant  Bulk  Teroperaturet  Test  1 .2-08-WAM-002 
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Figure  XIX-21 


Axial  Distance  Prom  Injector  Face,  in. 
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Figure  XIX-22 


Test  Parameters  on  Which  Predictions  are  Based 
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Figure  XIX-23 


Hastelloy-X  Thermal -Shock  Test  Results 
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Detail  B  -  Liquid  Side 
Closeup  View  of  Specimen  178-2 


Figure  XIX-24 
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Microstructure  of  Specimen  179-3  (100X) 
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Microstructure  of  Specimen  179-3  (100X) 


Figure  XIX-25 
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Figure  XIX-27 


Boundary  Conditions  for  Advanced  TPA  B-Design  Rotor 
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Regeneratively  Cooled  Combustiv  Chamber  1,,  condary 
Injector/Tnterfar*  Flange 


Figure  XIX-29 
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XX. 


RELIABILITY 


A.  GENERAL 

The  reliability  engineering  tasks  diu*ing  Phase  I  are  design  re'^iew  and 
reliability  prediction.  Design  review  includes  inodes- of-failure  analyses,  test- 
plaui  review,  test-data  review,  and  maintainability  analyses.  Reliability  prediction 
includes  the  prediction  of  component  and  module  reliabilities. 

Primary  attention  was  given  to  the  modes-of-faiiure  einsdyses  which  are 
the  basis  for  design-review  recommendations  dxiring  this  critical  component  develop¬ 
ment  phase  of  the  program. 

B.  MODES-OF-FAILURE  ANALYSIS  (MO’^A) 

Various  methods  for  interlocking  the  lYiel-control  valves  were  studied 
on  the  basis  of  MOFA  results  for  start  and  shutdown  transie.its.  The  effects  of 
electrical,  hydraulic,  and  mechanical  interlock  concepts  on  overall  program  cost 
and  program  time  were  compared.  Controls  flexibility  and  reliability,  along  with 
expected  hardware  costs,  were  considered  as  factors  affecting  program  cost.  This 
study  will  be  completed  duri.ig  the  next  reporting  period. 

The  potential  reliability  of  various  interpropellant  seal  concepts  was 
compared.  The  alternatives  evaluated  were: 

1.  For  the  advanced  TPA;  the  hydrostatic  combustion  seal,  the  liquid- 
purged  seal,  Sind  the  gas-purged  seal. 

2.  For  the  in-line  TPA:  the  liquid-purged  seal,  the  gas-purged  seal*, 
and  the  rubbing-contact  seal. 

Assuming  equal  reliability  growth  rates,  it  was  concluded  that  in  the 
first  fabricated  unit  of  the  advanced  TPA  both  purged  seals  would  offer  a  higher 
potential  reliability  than  the  combustion  seal,  and  that  in  the  in-line  TPA  the 
rubbing-contact  seal  would  offer  a  higher  reliability  potential  than  either  of  the 
purged  seals.  This  higher  reliability  of  purged  said  rubbing-contact  seals  is  due 
primarily  to  the  extensive  experience  gained  throughout  the  industry  with  this 
tjpe  of  seal.  However,  with  a  sufficiently  steep  reliability  growth  rate,  the 
combustion  seal  could  overcome  its  initial  reliability  handicap  and  attain,  or 
even  surpass,  the  ultimate  reliability  level  of  the  purged  seal.  (The  analysis 
did  not  include  factors  such  as  cost,  weight,  maintenance,  or  versatility.) 

A  study  was  initiated  to  evaluate  all  module  failure  modes  that  could 
occur  during  the  start  and  shutdown  transients  due  to  failures  of  components  other 
than  valves.  (Steirt  and  shutdown  failure  modes  caused  by  valves  were  evaluated 
earlier.)  The  detailed  component  MOFAs  comple..ed  to  date  will  provide  a  basis  for 
this  new  study. 
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XX,  B,  Modes-of-Failure  Analysis  (MOFA)  (cont.) 


The  method  of  explosively  welding  the  regenerative-coolant  tubes  to  the 
TCA  flang*  was  reviewed  for  reliability.  Test  welds  were  made  at  Aerojet's  Downey 
facility  f  ^  will  be  inspected  early  in  April. 

C .  .ST-PLAM  Pi:VIE>’ 

A  thorough  review  of  the  entire  modular-hardware  TCA  test  plan  will  be 
made  to  ensure  adequate  data  for  posttest  analysis  at  minimu  >.  cost . 

D.  TEST-DATA  REVIEW 

A  review  of  test  data  documentation  will  be  made  to  ensure  adequate 
appraisal  of  performance  achieved  and  attainable,  and  of  ceutes  of  failures. 

1:.  MAINTAINABILITY  ANALYSIS 

The  study  to  evaluate  the  maintax.iability  of  developmental  hardware  and 
the  acceptance  of  production  engines  without  acceptance  firings  was  continued. 
Completion  of  the  study  is  scheduled  for  the  end  of  June  1966. 

F.  RELIABILITY  PREDICTION— COMPONENTS 

Data  from  various  Titan  and  Integrated  Components  Programs  were  accumu¬ 
lated,  and  ifficient  MOFAs  for  ARES  components  were  completed  to  provide  a  basis 
for  initied  component-reliability  predictions.  The  initial  predictions  will  be 
completed  during  the  next  reporting  period. 

G.  RELIABILITY  PREDICTION— MODULE 

The  initial  prediction  of  module  reliability  based  on  predicted  com¬ 
ponent  reliabilities  will  be  made  during  the  next  reporting  period. 


Page  XX-2 


Report  IO83O-Q-3 


UnclaBsifled 


S«curity  Clauification 


DOCUMENT  CONTROL  DATA  •  RAD 

af  lirio  ol  »b§ttmct  m/>4  tn69Mti%4  anAofaMan  myt  bm  wfian  Aa  evaraif  ttpott  1$ 


1  O^iniNATIN  9  ACTlvi^V  fCe«para(«  MifhofJ  U«  mcpoat  tccuAi  Tv  c  uAS»iR  iCA  tion 

Aerojet -General  Corporation  I  Confidential 

P.O.  Box  19^7 t  Sacramento,  California 


Zb  onouP 

Four 


)  nC^OAT  TITLI 


ADVANCED  ROCKET  EHGINE—STORABLE 


C  OltCMi^TIvC  NO^Ct  (Typ4  ot  nport  Avttf  ^aeluRlva  d4ty) 

terly  Technical  Report  (January  throxuth  March  1966 


f  AUTHORfSj  fLatf  AAPia,  Ifnt  ItHtiBl) 

Aerojet-General  Corporation 

Advanced  Storable  Rocket  Engine  Division 


•  MCPORT  OATC 

April  1966 


•  a  CONTRACT  OP  OAANT  NO 

AF  04 (611) -10830 


b  PNOJICT  NO 


7a  total  NO  OP  PACet  7b  NO  OP  PCPR 

257  ^ 


9a  OPlOtNATOP't  PCPOPT  NUMPCPri; 


Aerojet  Report  10830-Q-3 


9b  OTHtP  PtPOPT  NOf5>  CAnF  orharnumbara  tfiar  may  ba  aRRijnad 
Ala  raport; 

AFRPL-TR-66-82 


10  A  VA  ILAtlLITY/LIMITATIC  NOTICES 

It  iu^^l.CMCNTANY  NOTH  j 

i 

12  tPONSONINC  MILITANT  ACTIVITY 

AFRPL,  Research  and  Technology 
Division,  Edwards  AFB,  ..^lif. 

U  A0STPACT 


The  objective  of  the  ARES  (Advanced  Rocket  Engine,  Storable' 
program  is  to  demonstrate  the  engineering  practicsdity  and  the 
performance  characteristics  of  an  advancea  storable  propellant 
modular  engine  embodying  high  chamber  pressure  and  the  steiged- 
combustion  cycle.  This  third  queurterly  report  describes  the  technical 
accomplishments  of  the  reporting  period.  Generally,  the  period  was 
characterized  as  one  in  which  many  analyses  and  designs  were 
completed,  fabrication  of  many  components  was  completed,  and  testing 
accelerated.  The  most  noteworthy  accomplishment  was  the  successful 
hot  firing  of  two  different  modular  injectors  using  the  intensifier 
test  system. 


DD  1473 


Security  Classification 


Report  IO83O-Q-3 


APSCR  80-20 

Unclassified 

5^urity  Classification 


1.  ORIGINATING  ACTIVITY;  Enter  the  name  and  addrasa 
of  the  contractor,  aubcontractar.  grantee.  Department  M  De- 
fenae  activity  or  other  organuation  ^corporate  tuthcr)  laaainf 
the  teport. 

2a.  REPORT  SECURTY  CLASSIFICATION:  Enter  the  over- 
all  aecurity  claaaification  of  the  report.  Indicate  whether 
**Reatricted  Data*'  ia  included.  Maricing  ia  to  be  in  accord 
ance  with  appropriate  security  regulationa. 

2b.  GROUP.  Automatic  downgrading  la  apecified  in  DoD  Dt* 
rective  $200*10  and  Armed  Foroea  Induatrial  Manual.  Enter 
the  group  number.  Alao,  when  applicable,  ahow  that  optional 
markings  have  been  used  for  Croup  3  and  Group  4  aa  author* 
ine'* 

3.  REPORT  TITLE:  Enter  the  complete  report  title  in  all 
capital  letters.  Titles  in  all  cases  should  be  unclassified* 

U  a  meaningful  title  cannot  be  selected  without  classifies 
tion,  show  title  classification  in  all  capitals  in  parenthesis 
immediately  following  the  title* 

4.  DESCRIPTIVE  NOTES:  If  eppropriete,  enter  the  type  of 
report,  e.g.,  interim,  progrees.  summery,  enmial,  or  ftruil. 

Give  the  inclusive  dates  when  e  specific  reporting  period  le 
covered. 

5.  AUTHORfS):  Enter  the  nemefs)  of  euthoKs)  vie  shown  on 
or  in  the  report.  Entei  lost  name,  first  name,  middle  inUial. 

If  military,  show  rank  and  branch  of  service.  The  name  of 
the  principal  «  (thor  is  an  absolute  minimum  requirement 

6.  REPORT  DATI*  Enter  the  date  of  the  report  as  day, 
month,  year,  or  month,  year.  If  more  then  one  date  appears 
on  lha  raport,  use  date  of  publication. 

7«.  TOTAL  NUMBER  OF  PAGES:  The  total  page  count 
should  follow  normal  pagination  procedural,  ua.,  entar  tha 
numbar  of  pages  containing  information, 

76.  NUMBER  OF  REFE.RENCE&  Enter  the  total  numbar  of 
references  citad  in  the  report. 

le.  CONTRACT  OR  GRANT  NUMBER;  If  ^proprteie,  enter 
the  applicable  number  of  the  contract  or  gren;  under  which 
the  report  was  writtsA 

86,  Ic,  Bid.  PROJECT  NUMBER.  Enter  the  appropriate 
military  department  identification,  such  aa  project  number, 
subproject  number,  system  numbers,  task  number,  etc, 

9e.  ORIGINATOR'S  RICPORT  NUMBER(S):  Enter  the  offl- 
ciel  report  number  by  which  the  d>cument  will  be  identified 
and  controlled  by  the  originating  activity.  This  number  must 
be  unique  to  this  report. 

96.  OTHER  REPORT  NUMBER(S)'  If  the  report  has  been 
aaaigned  any  other  report  numbers  (either  by  the  onginstor 
Of  6>'  the  sponsor^,  also  enter  this  number(a). 

10.  AVAILABILITY/LIMITATION  NOTICES:  Enter  any  lim¬ 
itations  on  further  disiiemination  of  the  report,  other  than  those 


INSTRUCTIONS 


lopoaed  by  aecurity  classification,  using  standard  statements 
such  as: 

(1)  **<^alified  requesters  may  obtain  copies  of  this 
report  from  DDC" 

(2)  "Foreign  announcement  and  dissemination  of  this 
report  by  DDC  is  not  authorized." 

<3)  "U.  S.  Government  agencies  may  obtain  copies  of 

this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  rer>uest  through 


(4)  "U.  S.  military  agencits  may  obtain  copies  of  this 
report  directly  from  DDC  Other  qualified  uaera 
shall  request  through 


(S)  "All  distribution  of  this  report  is  controlled.  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  report  has  been  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi¬ 
cate  this  fact  and  enter  the  price,  if  Knowa 

IL  SUPPLEMENTARY  NOTES:  Use  for  additiona)  exptana- 
tory  notes. 

IZ  SPONSORING  MILITARY  ACTIVITY;  Enter  the  name  of 
the  departmental  project  office  or  laboratory  sponsoring  Tpsy- 
ing  (or)  the  research  and  development.  Include  address. 

13-  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicetive  of  the  report,  even  though 
it  may  alao  apptar  tlaewhtre  in  the  body  of  the  technical  re¬ 
port.  If  additional  apace  la  required,  a  continuation  sheet  shell 
be  attached. 

It  is  highly  desirable  that  the  abstract  of  classified  reports 
be  unclassified.  Bach  paragraph  of  tha  abstract  shall  and  with  I 
an  Indication  of  tha  military  aacurity  claaaification  of  the  in¬ 
formation  in  the  paragraph,  repreaented  aa  (TS),  (5).  (C),  or  (U) 

There  is  no  limitetion  on  the  length  of  the  abstract.  How¬ 
ever.  the  suggested  length  is  from  150  to  225  words. 

14.  KEY  WORDS;  Key  words  are  technically  meaningful  tenns 
or  short  phrasea  that  characterize  a  report  and  may  be  used  aa  I 
index  entries  for  cataloging  the  report  Key  words  must  be 
selected  so  that  no  aecurity  clesaificetion  is  requ  red  Identi-  ^ 
fiera,  such  ea  equipment  model  designation,  trade  nime,  military 
project  cod'*  name,  geographic  location,  may  be  used  aa  key 
words  but  will  be  followed  by  an  indication  of  technical  con¬ 
text.  The  assignment  of  linka.  rules,  and  weights  la  optional 


Unclassified 

Security  Classification 


